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Abstract

Non-canonical Triple-negative Breast Cancer Cell Death Induction by Reassortant Oncolytic
Reovirus Generated by Forward Genetics
By Roxana M. Rodriguez Stewart

Triple-negative breast cancer (INBC) constitutes 10-15% of all breast cancer and is
associated with worse prognosis when compared to other subtypes of breast cancer. Because of
limited current therapy options, there is a need for targeted therapeutics to improve outcomes for
TNBC patients. Mammalian orthoreovirus (reovirus) is a non-enveloped, segmented, dsRINA virus
in the Reoviridae family. Reovirus selectively kills transformed cells and a serotype 3 reovirus is in
clinical trials to assess its efficacy as an oncolytic agent against several cancers. To engineer reovirus
with enhanced infective and cytopathic properties against TNBC cells, we coinfected TNBC MDA-
MB-231 cells with prototype strains from three reovirus serotypes, Type 1 Lang (T1L), Type 2 Jones
(T2]), and Type 3 Dearing (T3D). Following serial passage, we isolated two reassortant reoviruses,
r1Reovirus and r2Reovirus, which contain gene segments predominately from T1L, with one
(r2Reovirus) or three (r1Reovirus) gene segments from T3D and synonymous and nonsynonymous
point mutations. Both reassortant reoviruses display enhanced infective and cytotoxic properties in
TNBC cells. Additionally, combinatorial treatment with DNA damaging topoisomerase inhibitors
enhances reovirus infectivity and cytotoxicity of TNBC cells. In a second study, we found that
r2Reovirus infection of TNBC cells of a mesenchymal-stem like (MSL) lineage downregulates
MAPK/ERK signaling and induces non-canonical cell death that is caspase-dependent, but caspase
3-independent. Furthermore, r2Reovirus blocks caspase 3 activity in a replication-dependent
manner. Infection of other MSL lineage TNBC cells with r2Reovirus results in caspase 3-dependent
cell death. We mapped the enhanced oncolytic properties of r2Reovirus in both TNBC cells to the
T3D M2 gene segment in an otherwise T1L virus. Together, our findings suggest that the genetic
composition of the host cell and interactions between host and viral gene products impact the
mechanism of reovirus-induced cell death in TNBC cells. These studies identify a reassortant
reovirus engineered by forward genetics with enhanced non-canonical, cell-dependent oncolytic
properties in TNBC cells. Understanding how reovirus induces cell death will help define host and
viral factors that promote enhanced oncolysis against TNBC, which will help generate a more
effective and targeted viral oncolytic therapy that enhances the prognosis of TNBC patients.
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Chapter I. Introduction

Overview

Triple-negative breast cancer (TNBC) accounts for 10-20% of breast cancer cases and is
associated with worse prognosis than other subtypes of breast cancer (1). Hormone therapies are
not effective against TNBC, so treatment is largely limited to chemotherapy, surgery, and radiation
therapy (2, 3). Infection with mammalian orthoreovirus (reovirus) is generally asymptomatic and
preferentially kills transformed cells (4-11). Reovirus is currently in Phase I-I1I clinical trials to assess
its efficacy as an oncolytic agent against a variety of cancers (https://clinicaltrials.gov). However,
little is known about the oncolytic efficacy of reovirus against TNBC or the contribution of specific
host and viral factors in inhibiting growth of TNBC cells during infection.

This work centers on understanding host and viral factors that drive oncolysis of reovirus in
TNBC cells. The generation of a reassortant reovirus with enhanced infective and cytotoxic
capacities in TNBC cells in chapter II showed that genetic reassortment between different reovirus
strains and arising mutations can lead to an enhanced oncolytic virus in TNBC cells. This discovery
raised questions of what host factors make TNBC cells susceptible to reovirus-induced cell death
and what viral factors are involved in this enhanced cell death induction. Studies conducted in
chapter III showed that even though a reassortant reovirus induces cell death with enhanced kinetics
in various cell lines, its mode of cell death induction varies upon genetic makeup of the host cell.
Additionally, the third chapter maps enhanced induction of cell death in TNBC cells to a specific
viral genetic composition.

Understanding host cell and virus determinants that regulate cell death induction can be used
to identify virus-host interactions that drive reovirus oncolysis in TNBC. This knowledge can be

exploited in the development of improved viral oncolytics. Together, results from these studies will



help generate a more effective and targeted viral oncolytic therapy that enhances the prognosis of
patients affected with TNBC.
Breast cancer

Breast cancer is the most common cancer and second most common cause of cancer-related
deaths in women in the United States (https://seet.cancer.gov/). The National Cancer Institute
estimates 279,100 new cases and 45,690 deaths caused by breast cancer in 2020. Based on 2018
NCTI’s Surveillance, Epidemiology, and End Results (SEER) data, approximately 12.8 percent of
women born in the United States will be diagnosed with breast cancer at some point during their
lifetime (https://seet.cancer.gov/cst/1975_2016/). Treatment against breast cancer include
chemotherapy, hormone therapy, immunotherapy, radiation, surgery, and targeted therapy. The type
of treatment a breast cancer patient undergoes is dependent on the type of cancer, disease stage, and
presence of hormone receptors. Breast cancer is classified as one of three subtypes on the basis of
estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2
(HER2)/neu expression: hormone-receptor positive (ER and PR positive), HER2/neu positive, or
triple-negative (ER, PR, and HER2/neu negative). ER, PR, and HER2 status ate important in
determining prognosis and in predicting response to targeted hormone and HER2-directed therapies
(12, 13).
Triple-negative breast cancer

Triple-negative breast cancer (TNBC) constitutes 10-15% of breast cancers and is known to
have a higher rate of relapse and shorter overall survival after metastasis than other subtypes of
breast cancer (1). TNBCs more frequently affect younger people, are more prevalent in African-
American women, are generally larger in size, and are biologically more aggressive. Less than 30% of
women with metastatic triple-negative breast cancer survive 5 years (14). TNBCs are highly diverse

and are grouped into six subtypes based on differential gene expression and ontologies: basal-like 1



(BL1), basal-like 2 (BL2), immunomodulatory (IM), mesenchymal (M), mesenchymal stem-like
(MSL), and luminal androgen receptor (LAR). BL1 subtype TNBCs are enriched in cell cycle and
cell division components, while BL.2 subtype displays unique gene expression of growth factor
receptors and signaling. IM subtype TNBCs are enriched for genes involved in immune cell
processes. M subtype TNBCs are heavily enriched in components and pathways involved in cell
motility, extracellular matrix receptor interaction, and cell differentiation pathways, while MSL
subtype TNBCs share with M subtype enrichment of genes involved in cell motility, cellular
differentiation, and growth pathways in addition to genes linked to growth factor signaling pathways.
Lastly, LAR subtype TNBCs are the most unique among TNBC subtypes, with gene expression
heavily enriched in hormonally regulated pathways including steroid synthesis, porphyrin
metabolism, and androgen/estrogen metabolism (14). The high level of diversity in TNBC
complicates the development of targeted therapies. Currently, TNBC treatment is limited to
cytotoxic chemotherapy, radiation, and surgery (2, 3). Among chemotherapeutic drugs used against
TNBC ate topoisomerase inhibitors, which cause DNA double-strand breaks during DNA
replication (15). This class of drugs are effective against TNBC because although double-strand
breaks can be repaired by homologous recombination, many cells belonging to the TNBC subtype
have defects in proteins needed for this type of repair, such as BRCA1 protein (15). Because these
treatments target replicating cells, they can be detrimental to both healthy and malignant cells.

Among the most studied TNBC cell lines are MSL subtype MDA-MB-231 cells (16). This
cell line has mutations in BRAF, CDKN2A, KRAS, NF2, TP53, and PDGFRA genes (14). Germline
BRCAT and BRCA2 mutations are more frequent in TNBC (affecting up to 30% of TNBCs) than in
other breast cancer subtypes (17). BRCAT7 dysfunction is associated with deficient DNA repair (18).
For studies seeking to address the role of BRCA7 mutations in breast cancer, BL1 subtype

HCC1937 cells and MSL subtype MDA-MB-436 cells are widely used (19, 20). In addition to



BRCAT mutation, HCC1937 cells also have mutations in TP53, M.APK73, and MDCT genes while
MDA-MB-436 cells have mutations in TP53 genes (14). The wide array of different mutations
present in cells belonging to the TNBC subtype make this subtype highly heterogeneous and greatly
impact the treatment response of each cell line. This makes the development of targeted therapies
more challenging.
Oncolytic viruses

The concept of oncolytic virotherapy dates back to clinical reports of cancer regression that
coincided with natural viral infections (21). Oncolytic viruses have selective tropism for cancerous
cells and tissues through the exploitation of deregulated metabolic processes that characterize
cancerous transformation (22). Oncolytic viruses preferentially infect and replicate in cancer cells
due to their increased expression of viral receptors, increased expression of endocytic uptake
molecules and proteases, altered metabolic states, and impaired antiviral innate immunity (22-24).
Oncolytic viruses are grouped into wild-type viruses or their attenuated derivatives, or genetically
modified viruses containing heterologous transgenes. For example, viruses have been engineered to
encode efficacy-enhancing proteins, including cytokines such as such as granulocyte—macrophage
colony-stimulating factor (GM-CSF), interferons (IFNs), and tumor necrosis factor (TNF) or
prodrug-activating enzymes, such as 3-glucuronidase, nitroreductase, and purine-nucleoside
phosphorylase (9, 22, 23, 25, 26). In addition to having a direct effect on cancer cells, some oncolytic
viruses can elicit an anti-tumor immune response or serve as adjuvants for other anti-cancer
therapies (27). IMLYGIC, a genetically modified herpes simplex virus type 1 that replicates inside
tumors and produces the immunostimulatory protein GM-CSF to induce an anti-tumor immune
response, was the first viral oncolytic to gain FDA approval for treatment of melanoma (28).
Various additional viruses, including vaccinia, herpes simplex virus type 1, reovirus, and Newcastle

disease virus are under study to assess their oncolytic properties against several cancers (29, 30).



Despite the potential of oncolytic viruses, there are still many limitations, such as pre-existing
antiviral immunity and non-specific viral tropism (31). We can exploit our understanding of tumor
and virus biology to provide more targeted oncolytics by engineering viruses to specifically replicate
in and kill cancer cells.
Overview of Reoviruses

The Reoviridae family includes 15 genera of dsRINA viruses that infect a wide variety of
plants, animals, fungi, and protozoa (4). Mammalian orthoreovirus (reovirus) belongs to the
Orthoreovirus genus, which contains viruses that infect birds, reptiles, and mammals. Reovirus was
discovered in the early 1950’s by Albert Sabin, Leon Rosen, and their colleagues from stool
specimens of healthy and sick children (4, 32, 33). Although not generally associated with illness,
reovirus has been found in children and adults with respiratory and gastrointestinal illnesses (34).
Reovirus is an “orphan” due to its association with minimal or no disease, giving rise to the name
respiratory enteric orphan virus (reovirus) (4).

Although reovirus is associated with minimal or no disease, some members of the Reoviridae
family are pathogenic. Rotaviruses cause gastroenteritis in animals and humans. Rotaviruses are a
leading cause of viral gastroenteritis among children younger than 5 and a major cause of infant
illness and death (35). Four effective live-attenuated oral rotavirus vaccines (LAORoVs) (Rotarix®,
RotaTeq®, Rotavac®, and RotaSIIL®) have been developed and licensed to be used against all
forms of rotavirus-associated infection. However, vaccine implementation is limited in low-income
countries partly due to the vaccine access and cost (30). Bluetongue virus, belonging to the orbivirus
genus, infects cows, goats, and sheep. Severe animal morbidity and mortality and imposition of trade
restrictions on animals from blue-tongue affected regions result in significant economic impact (37,
38). Colorado tick fever virus, belonging to the coltivirus genus, can cause neurologic disease in

humans (39). Recent studies have associated reovirus infection with disruption of intestinal immune



homeostasis and initiation of loss of oral tolerance and T helper 1 (Tx1) immunity to dietary antigen,
triggering development of celiac disease (5).
Reovirus structure and serotypes

Reovirus is a non-enveloped segmented double-stranded RNA virus (4). Reovirus virions
have an icosahedral structure formed by two concentric protein shells, the outer capsid and inner
core (40). The inner core encapsulates 10 gene segments, categorized based on size, that encode 8
structural and 3 non-structural proteins (33, 41). The three large (L) gene segments L1, L2, and L3
encode for the RNA-dependent RNA polymerase (RARp) A3, core spike A2, and major inner-capsid

M1 proteins, respectively (4, 42-44). The three medium (M) gene segments M1, M2, and M3, encode
for minor inner-capsid p2, major outer-capsid pl, and non-structural replication uNS proteins,
respectively (4, 45, 46). The four small (S) gene segments S1, S2, 83, and S4 encode the attachment

ol and nonstructural replication o1s, major inner-capsid 62, nonstructural replication oNS, and

major outer-capsid 63 proteins, respectively (4, 44, 47).
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Fig. 1. Schematic representation of the reovirus virion. Reovirus particles are formed from two

concentric protein shells, the outer and inner (core) capsid. The attachment protein (o1; black), core



(02 and A1; pink), core spike protein (A2; gray), and outer capsid (63 and pl; white) are indicated.

The core encapsulates the viral genome, which consists of ten dsRNA gene segments (orange).

There are three different reovirus serotypes: Type 1, Type 2, and Type 3 based on the
neutralization ability of antibodies raised against the 61 attachment protein (4, 32, 33, 41). Prototype
strains for each serotype refer to the children from whom the strain was initially isolated. Type 1
Lang (T1L) was isolated from a healthy child, whereas Type 2 Jones (T2]) and Type 3 Dearing
(T3D) were isolated from children experiencing diarrheal disease (32, 48, 49). A fourth serotype,
Type 4 Ndelle (T4N), has also been proposed (50). Despite extensive genetic and phenotypic
similarities between reovirus serotypes, each serotype has distinct infective, replicative, and cell-
killing properties (51-60). Cell surface carbohydrate binding varies from T1L to T3D, as well as
primary cell death induction mechanism, strength of immune responses induced, and disease
induction. Initial binding of reovirus to a host cell is driven by low affinity binding of ¢1 attachment
protein to cell-surface carbohydrates. T1L attaches to GM2 glycans on the cell surface while T3D
interacts with a-2,3-linked sialic acid (61, 62). Differences in carbohydrate binding can lead to
different cell tropism. Interestingly, a high expression level of a 2,3-sialic acid in breast cancer is
associated with greater metastatic potential (63). T3D is more efficient at inducing apoptosis in a
variety of cell lines (4), although T1L induces cell death with faster kinetics in some contexts (64,
65). Innate immune responses raised against reovirus also vary by serotype. T1L poorly induces
Type I interferon (IFN) and strongly represses IFN signaling (66). Conversely, T3D strongly induces
Type I IFN and a pootly represses IFN signaling (66). Differences in interferon repression have
been attributed to the M1-enconded u2 protein (67, 68). Reovirus has been shown to induce
neurological disease in newborn mice. T1L and T3D reovirus strains invade the central nervous

system (CNS) but use different routes of dissemination and produce distinct pathologic



consequences. T1L induces hydrocephalus, whereas T3D induces encephalitis (69-72). The S1-
encoded o1 protein is hypothesized to mediate tropism differences in the CNS by binding distinct
receptors on the surfaces of ependyma and neurons (73). Routes of viral dissemination also differ
between strains. T1L spreads by strictly hematogenous mechanisms, whereas T3D disseminates by
both hematogenous and neural pathways (74). The differing properties between T1L and T3D make
them useful for studying different aspects of reovirus biology.
Reovirus replication

The reovirus infectious cycle is mainly cytoplasmic and mostly occurs in viral factories (4).
Reovirus attachment is mediated through low affinity binding of 61 attachment protein to cell-
surface carbohydrates which facilitates high affinity binding to its receptor junctional adhesion
molecule-A (JAM-A)(62, 75). In neurons, reovirus attaches to Nogo receptor 1 NgR1 (76).
Following attachment, virions enter cells by receptor-mediated and 1 integrin-dependent
endocytosis (77, 78). Following endocytic uptake, activation of Src kinase is required for correct
trafficking of virions to an endocytic compartment (79). Within acidified endosomes, virions are
exposed to cathepsin proteases, cathepsin B, L, and S, which facilitate virion disassembly events (80,
81). The first disassembly intermediate is an infectious subvirion particle (ISVP), which is
characterized by outer capsid modifications through loss of S4-encoded outer-capsid 63 protein and
cleavage of M2-encoded p1 protein into w1N and particle-associated fragments & and ¢ derived
from p1C (80, 82). The ISVP subsequently turns into an ISVP* through further conformational
changes, in which the viral particle loses 61 and p1 goes through further cleavage (83, 84). The ul
cleavage fragments penetrate the endosomal membrane and viral core is released into the cytoplasm
(85, 86). Once in the cytoplasm, the cores synthesize viral mRNAs using the negative-sense genomic
RNA as a template (4). Viral nonstructural proteins uINS and oNS, encoded by M3 and S3 gene

segments, respectively, form viral factories (VFs) or inclusions, which serve as sites for reovirus



transcription, translation, and assembly of progeny virions (46, 47, 87, 88). Reovirus egress from
cells is poorly understood. Although it was hypothesized to occur mainly via cell lysis, it has been

recently suggested reovirus can exit cells via nonlytic mechanisms (4, 89-91)
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Fig 2. Schematic of reovirus replication cycle. Following attachment to (1) cell-surface
carbohydrates and (2) JAM-A, virions enter cells by (3) 81 integrin-dependent, (4) receptor-mediated
endocytosis. Following endocytic uptake, activation of Src is required for correct trafficking of
virions to an endocytic compartment where virions undergo various (5) acid-dependent disassembly
events. First, the virion turns into an (6) ISVP by outer capsid proteolytic processing. The ISVP
subsequently turns into an (7) ISVP* through further conformational changes (8). The p1 cleavage
fragments penetrate the endosomal membrane and (9) the transcriptionally active viral core is
released into the cytoplasm. Once in the cytoplasm, (10) eatly transcription and (11) translation
occurs. Viral nonstructural proteins pNS and oNS form (12) viral factories, which serve as sites for
reovirus replication and assembly of progeny virions. (13) Reovirus egress from cells is pootly

understood.
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Reovirus reassortment

Viruses with segmented genomes can undergo exchange of gene segments upon co-infection
of the same cell through a process known as genetic reassortment. The progeny of these mixed
infections are called reassortant viruses. The segmented nature of reovirus allows the generation of
reassortant viruses with novel genotypic and phenotypic properties. Although all reoviruses have the
same number gene segments, gene segments display high sequence variability between strains (92).
Reovirus strains can be distinguished by the molecular weight of their gene segments in
polyacrylamide gels, facilitating the determination of the parental origin of each gene segment
following electrophoresis of genomic dsRNA of progeny virions (33). Because reovirus VFs are
dynamic and individual VFs can interact transiently and undergo fusion events, reovirus
reassortment has been partly attributed to fusion between viral factories within co-infected cells (93,
94).

Reovirus reassortment occurs in nature. However, the frequency of reassortment is
unknown. Nonrandom associations of parental alleles observed in the L1-1.2, L.1-M1, L.1-81, and
LL3-S1 gene segment pairs shows reassortment is not entirely random, which may influence the
evolution of reoviruses in nature (51). It is hypothesized that reassortant reoviruses obtained from
co-infection of T1L and T3D commonly contain mutations that improve their fitness for
independent replication. Reassortment of reovirus gene segments has been documented 7 vitro and
in vivo (4). Co-infection of cells with different reovirus strains can yield new progeny virions with
distinct genotypic and phenotypic characteristics from parental strains.

The process by which a virus is put under selective pressure, thereby driving evolution, is
termed “forward genetics”. This method is useful for identifying genes and mutations responsible
for phenotypes of interest (95). Selection by forward genetics has been used for multiple studies and

the generation of reassortant viruses with adaptations to host cells has been useful in studying
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various aspects of reovirus biology (4). Forward genetics has been used for the generation of
temperature-sensitive mutants, deletions mutants, cell-adapted mutants, and mutants resistant to
denaturants (4). Forward genetics is useful to understand the genetic changes that yield a virus with
specific host adaptations. Reverse genetics allows the engineering of recombinant viruses with
specific genetic modifications and the identification of phenotypes as a consequence of these
modifications (96, 97). The reovirus plasmid-based reverse genetics uses plasmids with a gene
segment cDNA flanked by the bacteriophage T7 RNA polymerase promoter and hepatitis delta
virus (HDV) ribozyme sequences (96, 98, 99). The 10 plasmids are transfected into baby hamster
kidney (BHK) cells expressing T7 RNA polymerase. Transcription generates mRNA synthesis of
reovirus genes with their authentic 5> ends. The HDV ribozyme undergoes self-cleavage to generate
native 3’ ends. The mRNAs are translated and launch reovirus replication. After a 2-5 day incubation
period, cells are harvested by freeze-thaw lysis, viable viral clones are selected by plaque purification,
and amplified using 1.929 cells (96, 98, 99).

Studies with reassortant and recombinant viruses are useful in mapping strain-specific
phenotypic differences to specific viral gene segments. Studies using a T1L reovirus with a T3D M2
gene segment (T1L-T3M2) have shown interactions between T3D pl protein and T1L o1 protein
likely result in enhanced viral stability, attachment, and infectivity in 1.929 cells and HeLa cells (53,
100, 101). Additionally, the S1 and M2 gene segments have been implicated in strain-specific
differences in reovirus-induced inhibition of cellular DNA synthesis and programmed cell death (56,
58, 59, 102, 103). More so, a recombinant reovirus with mutant ul ¢ domain is less efficient in
inducing apoptosis, showing the ¢ domain of the pul protein plays an important regulatory role in
reovirus-induced apoptosis and disease (103, 104). Studies using T1L X T3D reassortant viruses
mapped the major determinant of CNS pathology to the viral S1 gene (105, 106). The use of

forward and reverse genetics are useful techniques in the study of reovirus as an oncolytic.
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Reovirus as an oncolytic

Reoviruses exhibit an inherent preference to replicate in tumor cells, which makes them
ideally suited for use in oncolytic virotherapies (8, 9). Reovirus induces cell death in tumor cells with
little cytotoxicity in normal, diploid cells (9). Of the three serotypes, type 3 reovirus has been the
most studied as an oncolytic and a type 3 reovirus, T3C$, is the strain currently undergoing Phase 1
and II clinical trials against a variety of cancers (https://clinicaltrials.gov). However, the mechanism
by which reovirus preferentially targets cancer cells is not fully understood. Overexpression of the
reovirus proteinaceous receptor junction adhesion molecule-A (JAM-A) in cancer cells (75, 107),
defective Ras/EGFR and Ras/Ral guanine exchange factor (RalGEF)/p38, Ras-driven protein
kinase R (PKR) downregulation, and impaired type I IFN pathways positively influence reovirus
tropism for some cancer cells (11, 108-114). Various aspects of reovirus biology, including virus
uncoating, infectivity, replication, and apoptosis-dependent release from infected cells are regulated
by Ras signaling (10, 11, 24, 111, 113-118). The K-Ras G13D and B-Raf G464V mutations found in
MDA-MB-231 cells result in an upregulated Ras signaling, which increases tumor cell proliferation
and survival in some cancers (119-124). Constitutively active Ras mutations have been identified in
approximately 30% of all human cancers and mutations of elements upstream and downstream of
Ras are prevalent in the majority of cancers (125). B-Raf regulates the Raf—mitogen-activated protein
kinase (MAPK)/extracellular signal-regulated kinase (ERK) pathway through phosphorylation of
MEK 1/2 (126). MAPK/ERK signaling promotes cancer cell proliferation, survival, and metastasis

(127).
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2018. (24)

Reovirus can also infect and kill cancer cells independent of Ras activation (65, 128-130). In
some cells, expression of mutated Ras increases the sensitivity of tumor cells to reovirus-induced
apoptosis, but is not required (131). In other cells, reovirus induces programmed cell death through
the downregulation of Ras signaling (132). Reovirus can induce cellular cytotoxicity indirectly
through activation of anti-tumor immune responses. Reovirus induces various immunological events

that can overturn tumor-induced immunosuppressive mechanisms and promote antitumor immune
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responses, such as secretion of proinflammatory cytokines and chemokines like interferon (IFN)-3
and interleukin (IL)-8 and activation of dendritic cells, which in turn results in priming of tumor
antigen-specific T cells and increase of the cytolytic activity of natural killer (NK) cells (133-139).
This cell-mediated immunity triggered by reovirus makes it a good potential immunotherapy agent
(140). Induction of cell death by reovirus is linked to p53-dependent NF-xB activation (141, 142)
and activation of the IFN-stimulated response element (ISRE) in an interferon-independent manner
and upregulation of IFN-stimulated genes (ISGs) via the PI3K/Akt/EMSY pathway (143).
Oncolytic reovirus pre-clinical studies and clinical trials

Pre-clinical studies performed with reovirus have shown it is an effective oncolytic against
brain (144-146), breast (147, 148), colon (149, 150), ovarian (149), prostate (151, 152), bladder (153,
154), pancreatic (155-157), lung (158), and lymphoid (159) malignancies. Various pre-clinical studies
have also shown reovirus oncolytic efficiency in combination with radiation and a variety of
chemotherapeutic agents (160-163).

T3C$, a Type 3 reovirus, is being developed as an oncolytic by Oncolytics Biotech® under

the name Reolysin® and can be delivered via intra-tumoral and intravenous administration (164).
Although it has shown great potential as an oncolytic in preclinical studies, clinical trials have
indicated that reovirus has limited oncolytic efficacy as a monotherapy (21). However, the
proficiency of reovirus to sensitize cancer cells to chemotherapeutic drugs and radiation treatment
makes it a good candidate for combination treatment (140). Reovirus has been shown to be more
effective in preliminary studies in combination therapy than in monotherapy (164). All the current
10 clinical trials are testing Reolysin® in combination with vatious drugs. Of the mentioned clinical
trials, six are in phase I and four are in phase II. Three of these clinical trials are being performed in
patients with breast cancer (one phase I study and two phase II studies) at the time this dissertation

is being written (https://clinicaltrials.gov).
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Types of cell death induction by reovirus

Reovirus induces programmed cell death in a host cell-dependent manner. While the two
major mechanisms of reovirus cell death induction are apoptosis and necroptosis, reovirus also
induces cell cycle arrest and autophagy (56, 57, 102, 115, 165-175). Apoptosis is a cellular
homeostatic mechanism that occurs normally during development and aging (176). Apoptosis is also
a major cellular defense mechanism during cellular damage and pathogen infection (177, 178).
Reovirus-induced apoptosis requires activation of transcription factors IFN regulatory factor 3
(IRF3) and nuclear factor—»B (NF-»B), suggesting that apoptosis is an essential component of
innate immunity (165, 171, 179). Reovirus disassembly, but not subsequent replication steps, is
required for NF-»B activation (180). Reovirus-induced apoptosis is mediated by TNF-related
apoptosis-inducing ligand (TRAIL) (181, 182). Reovirus can trigger apoptosis through recognition of
viral nucleic acid by cellular pattern recognition receptors and subsequent activation of caspase 8,
Bid cleavage, and disruption of the mitochondrial membrane (182-184). This results in cytochrome ¢
release, caspase 9 activation, and activation of executioner caspases 3 and 7, which cleave poly
(ADP-ribose) polymerase (PARP). PARP cleavage inhibits DNA repair and results in apoptosis
induction (4, 56-59, 102, 165, 166, 169, 171, 181, 185-191).

Alternately, reovirus induces caspase-independent cell death through induction of receptor
interacting protein kinase 3 (RIPK3) and mixed lineage kinase domain like pseudokinase (MLKL)-
dependent necroptosis (167, 168, 173). Necroptosis is a regulated necrosis that can occur in cells
where apoptosis has been inhibited and exhibits morphological features of both apoptosis and
necrosis (192). As observed in all types of necrosis, cells undergoing necroptosis are characterized by
cell swelling and rupturing of plasma membrane (193). Additionally, necroptosis is activated through
signaling from death receptors (e.g. Fas, tumor necrosis factor (INF), and TRAIL), is not dependent

on caspase activity, and requires kinase activity of RIPK1 or RIPK3 (194), (168, 195). Inhibition of
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caspase 8 can shift cell death induction from extrinsic apoptosis to necrosis by activating RIPK3 and
MLKL (196), (193, 197-200). Reovirus induction of necroptosis requires sensing of incoming viral
dsRNA by retinoic-acid inducible gene I (RIG-I) and melanoma differentiation-associated protein 5
(MDADJ) to produce type I IFN in a mitochondrial antiviral signaling protein (MAVS)-dependent
manner (167, 168). During late stages of reovirus infection, newly synthesized genomic dsRNA is
detected by an unknown interferon stimulated gene (ISG), which elicits RIPK3 and MLKI-
dependent necrotic cell death (167).

Apoptotic signaling can be elicited by non-replicating virions while induction of necroptosis
requires late synthesis of viral dSRNA produced during viral replication (167, 201). Cell death
induction varies among reovirus serotypes. T3D activates initiator caspases and effector caspases to
a significantly greater extent than T1L in several cell lines (168). Additionally, T3D has increased
cytotoxic effects (168) and elicits an enhanced antiviral immune response (202) compared to T1L.
Serotype-specific differences in apoptosis induction between T1L and T3D segregate genetically
with the S1 gene-encoded o1 attachment protein and nonstructural protein ols and the M2 gene-
encoded p1 outer capsid protein (56-59, 169). T3D also induces necroptosis with faster kinetics than
T1L (168). Induction of cell death in TNBC by different reovirus strains has not been thoroughly

characterized.
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Fig. 4. Reovirus induction of programmed cell death by apoptosis and necroptosis. Upon
infection, reovirus activates extrinsic apoptosis pathway through secretion of TRAIL, which attaches
to DR4/DRb5, resulting in caspase 8 activation. Activated caspase-8 cleaves Bid into t-Bid, which
translocates to the mitochondria, resulting in the subsequent release of cytochrome c. Cytochrome ¢
induces oligomerization of apoptotic protease activating factor-1 (Apaf-1), assembly of the
apoptosome (composed of cytochrome ¢, Apat-1, and deoxy adenosine triphosphate (dATP)), and
activation of caspase-9. Both caspases 8 and 9 can activate caspase 3/7, which cleaves PARP and
results in apoptosis. Alternatively, reovirus infection can result in necroptosis induction through
RIG-I and MDA-5 sensing of incoming viral dsRNA resulting in production of type I IFN in a
MAVS-dependent manner. Newly synthesized genomic dsRNA is detected by an unknown ISG,

which elicits RIPK3 and MLKL-dependent necrotic cell death.

Introduction to dissertation project

The goal of this project was to use reovirus to make a more efficient and targeted oncolytic
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therapy against TNBC to address limited treatment options available to TNBC patients. We
engineered a reassortant reovirus with enhanced oncolytic capacities in TNBC and characterized the
virus genotypically and phenotypically. In the first study, we engineered reoviruses with enhanced
replicative and cytotoxic properties in TNBC cells by serially passaging prototypic strains from three
reovirus serotypes (T1L, T2], and T3D) in TNBC MDA-MB-231 cells. We isolated two reassortant
viruses, r1Reovirus and r2Reovirus, which have reassorted gene segments from parental reoviruses
T1L and T3D and several synonymous and non-synonymous point mutations. Both reassortant
reoviruses have enhanced infective and cytotoxic properties in TNBC cells. Furthermore,
combination of r2Reovirus with topoisomerase inhibitors enhances viral infectivity and cytotoxicity
in these cells. This work identified a less cytotoxic, more targeted, and more efficacious therapeutic
against TNBC using a reassortant reovirus in combination with topoisomerase inhibitors.

In the second study, we describe key aspects of cell death mechanisms of r2Reovirus in
TNBC cells. We show the genetic composition of the host cell greatly impacts the type of cell death
induced by reovirus. Infection with r2Reovirus downregulates the MAPK/ERK pathway in TNBC
MDA-MB-231 cells and induces a non-conventional cell death that is caspase dependent, but
independent of mitochondrial membrane potential disruption, cytochrome c release from the
mitochondria, and caspase 3 activation. In TNBC MDA-MB-436 cells, r2Reovirus infection results
in mitochondrial membrane potential disruption and caspase 3-dependent cell death. We also
mapped the enhanced oncolytic properties of r2Reovirus in TNBC to the T3D M2 gene segment in
the context of an otherwise T1L virus. Together, these studies identify an engineered reassortant
reovirus with enhanced non-canonical, cell-dependent oncolytic properties in TNBC cells that
segregate with specific viral factors. Results from these studies will aid in the development of an

improved viral oncolytic therapeutic against TNBC.
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Abstract

Breast cancer is the second-leading cause of cancer-related deaths in women in the United
States. Triple-negative breast cancer constitutes a subset of breast cancer that is associated with
higher rates of relapse, decreased survival, and limited therapeutic options for patients afflicted with
this type of breast cancer. Mammalian orthoreovirus (reovirus) selectively infects and kills
transformed cells and a serotype 3 reovirus is in clinical trials to assess its efficacy as an oncolytic
agent against several cancers. It is unclear if reovirus serotypes differentially infect and kill triple-
negative breast cancer cells and if reovirus-induced cytotoxicity of breast cancer cells can be
enhanced by modulating the activity of host molecules and pathways. Here, we generated reassortant
reoviruses by forward genetics with enhanced infective and cytotoxic properties in triple-negative
breast cancer cells. From a high-throughput screen of small molecule inhibitors, we identified
topoisomerase inhibitors as a class of drugs that enhance reovirus infectivity and cytotoxicity of
triple-negative breast cancer cells. Treatment of triple-negative breast cancer cells with
topoisomerase inhibitors activates DNA damage response pathways and reovirus infection induces
robust production of Type 111, but not Type 1, interferon. Although Type I and Type III IFN can
activate STAT1 and STAT?2, triple-negative breast cancer cellular proliferation is only negatively
affected by Type I IFN. Together, these data show that reassortant viruses with a novel genetic
composition generated by forward genetics in combination with topoisomerase inhibitors more

efficiently infect and kill triple-negative breast cancer cells.
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Importance

Patients afflicted by triple-negative breast cancer have decreased survival and limited
therapeutic options. Reovirus infection results in cell death of a variety of cancers, but it is unknown
if different reovirus types lead to triple-negative breast cancer cell death. In this study, we generated
two novel reoviruses that more efficiently infect and kill triple-negative breast cancer cells. We show
that infection in the presence of DNA-damaging agents enhances infection and triple-negative
breast cancer cell killing by reovirus. These data suggest that a combination of a genetically
engineered oncolytic reovirus and topoisomerase inhibitors may provide a potent therapeutic option

for patients afflicted with triple-negative breast cancer.
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Introduction

Breast cancer is the leading cause of cancer and second leading cause of deaths by cancer in
women in the United States (http://seer.cancer.gov/). Triple-negative breast cancer (INBC)
constitutes approximately 15% of breast cancers and has a higher rate of relapse and shorter overall
survival after metastasis than other subtypes of breast cancer (1). In addition, compared to other
forms of breast cancer, TNBC more frequently affects the young, is more prevalent in African
American women, and tumors are larger in size and biologically more aggressive (2). TNBC is
characterized by the lack of expression of estrogen receptor (ER), progesterone receptor (PR), and
human epidermal growth factor receptor 2 (HER2/neu) and can be classified into seven subtypes
based on their genetic signature (2). Although targeted therapies against hormone receptor-positive
and HER2-positive breast cancer have been efficacious, the absence of these molecules on TNBC
cells has limited treatment to cytotoxic chemotherapy, radiotherapy, and surgery (3, 4). This raises a
need for targeted therapeutics against this type of cancer.

The concept that viruses can promote tumor regression is nearly as old as the discovery of
viruses (5). The deregulated expression of viral receptors, endocytic uptake molecules, proteases,
altered metabolic states, and impaired innate immunity make cancer cells ideally suitable for virus
infection and replication (6-8). In addition to directly impacting cancer cell biology, oncolytic viruses
can elicit anti-tumor immune responses and serve as adjuvants for other cancer therapies (9-11).
Several viruses are under study to assess their oncolytic properties against several cancers (6, 7).
Nonfusogenic mammalian orthoreovirus (reovirus) is a non-enveloped double-stranded RNA
(dsRNA) virus in the Reoviridae family. A serotype 3 reovirus (Reolysin) is in Phase I and II clinical
trials (clinicaltrials.gov: NCT01622543, NCT01656538) to assess its efficacy against a variety of
cancers (12). Reovirus can be delivered to patients via intratumoral and intravenous administration

and can be effective in combination therapy (13). Reovirus has an inherent preference to replicate in
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tumor cells, making it ideally suited for use in oncolytic virotherapies (14, 15). However, the cellular
and viral factors that promote preferential reovirus infection of cancer cells are not fully elucidated.

Reovirus has a segmented genome with three large (L), three medium (M), and four small (S)
dsRNA gene segments (16). There are three different reovirus serotypes (Type 1, 2, and 3) based on
the neutralization ability of antibodies raised against the 61 attachment protein that is encoded by
the S1 gene segment (17, 18). Reoviruses infect most mammals and although humans are infected
during childhood, infection seldom results in disease (17, 19-21). Reovirus induces programmed cell
death 77 vitro and 7n vivo (22-29). Although both Type 1 and Type 3 reovirus can induce apoptosis,
Type 3 reoviruses induce apoptosis and necroptosis more efficiently in most cells (17, 22, 23).
Serotype-dependent differences in apoptosis induction segregate with the S1 and M2 gene segments
(30-32). However, there is a limited understanding of the viral factors that determine preferential
replication and killing of cancer cells.

In this study, we show that co-infection and serial passaging of parental reoviruses in TNBC
cells yields reassortant viruses with enhanced oncolytic capacities compared to parental reoviruses.
Reassortant reoviruses have a predominant Type 1 genetic composition with some Type 3 gene
segments as well as synonymous and non-synonymous point mutations. We show that reassortant
reoviruses have enhanced infective and cytotoxic capacities in TNBC cells compared to parental
viruses. To further enhance the oncolytic properties of these reassortant viruses, we used a high-
throughput screen of small molecule inhibitors and identified DNA-damaging topoisomerase
inhibitors as a class of drugs that reduces TNBC cell viability while enhancing reovirus infectivity.
Infection of TNBC cells in the presence of topoisomerase inhibitors results in induction of DNA
damage, increased levels of Type I1I but not Type I interferon, and enhanced cell killing. Although
Type I and Type III IFN can activate STAT1 and STAT?2, triple-negative breast cancer cellular

proliferation is only negatively affected by Type I IFN. Together, we show that reassortant
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reoviruses with a novel genetic composition have enhanced oncolytic properties and pairing of

topoisomerase inhibitors with reovirus potentiates TNBC cell killing.

Results
Generation of reassortant viruses in triple-negative breast cancer cells by forward genetics.
Reovirus serotypes have distinct infective, replicative, and cell killing properties and the
segmented nature of the reovirus genome allows the generation of viruses with novel properties
through gene reassortment following co-infection (33, 34). To generate reoviruses with enhanced
replicative properties in TNBC cells, MDA-MB-231 cells were co-infected with prototype laboratory
strains T1L, T2], and T3D and serially passaged in these cells ten or twenty times (FIG 1A).
Following serial passage, individual viral clones were isolated by plaque assay and the gene segment
identity for each clone (44 clones following 10 passages, 45 clones following 20 passages) was
determined by SDS-gel electrophoresis (FIG 1B). Of the 44 isolates analyzed following 10 serial
passages, 8 distinct electropherotypes were identified, with 23 isolates (52%) having the same
electropherotype (r2Reovirus) (FIG 1C). Following 20 serial passages, 6 distinct isolates were
identified, including two (19 and r10) that were not observed after passage 10 (FIG 1D). The most
predominant electropherotypes following 20 serial passages were r1Reovirus and r2Reovirus,
constituting 33% and 27% respectively of all isolates. Illumina Next-Generation Sequencing (NGS)
revealed that r1Reovirus is composed of seven gene segments from T1L and three from T3D (L2,
M2, §2), while r2Reovirus is composed of nine gene segments from T1L and one from T3D (M2)
(FIG 2). In addition, both viruses have previously unidentified nonsynonymous point mutations that
result in an Ala to Thr substitution at amino acid 160 in L3, an Ile to Val substitution at amino acid
250 in S3, and Val to Ile substitution at amino acid 49 in S4. A Pro to Thr substitution at amino acid

161 is also found in r1Reovirus. In addition, r1Reovirus and r2Reovirus have several synonymous
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point mutations (Table S1). Interestingly, the r1Reovirus S2 gene segment, but no other gene
segment, has single residue variations that range from 35% to 65%. Sanger sequencing of the S2
gene segment from ten r1Reovirus plaque isolates showed a wide array of mutations distinct from
the initial virus isolate (data not shown). These data suggest that the S2 gene segment of r1Reovirus
is genetically unstable. We did not detect single residue variations in gene segments from either
parental T1L, T2], or T3D or r2Reovirus, suggesting this is not an intrinsic property of the S2 gene
segment carried from parental viruses. Together, these data indicate that co-infection and serial
passaging of reoviruses in MDA-MB-231 cells leads to the generation of reassortant reoviruses with

novel genetic compositions.

Reassortant reoviruses infect MDA-MB-231cells more efficiently than parental reoviruses.

Reovirus attaches to cells via a strength-adhesion mechanism whereby the viral attachment
fiber o1 binds to cell-surface carbohydrate and proteinaceous receptors JAM-A or NgR1 (35-39). To
determine the attachment efficiency of r1Reovirus and r2Reovirus in comparison to parental
reoviruses, MDA-MB-231 cells were adsorbed with vehicle (mock) or Alexa 633 (A633)-labeled
T1L, T3D, T3C$ (the reovirus strain currently in clinical trials), or reassortant reoviruses at an MOI
of 5x10* particles/cell and assessed for cell surface reovirus by flow cytometry (FIG 3A).
Reassortant reoviruses attach to cells with similar efficiency as T1L, but less efficiently than Type 3
reoviruses T3D and T3C$. As reassortant reoviruses contain a T1L S1 gene segment, it is not
surprising that they attach to cells to similar levels as parental T1L. These data also indicate that
other genetic changes found in r1Reovirus and r2Reovirus do not impact the ability of these viruses
to attach to cells.

To determine how genetic changes in r1Reovirus and r2Reovirus affect reovirus infection of

TNBC cells, MDA-MB-231 cells were pretreated with DMSO or the cysteine protease inhibitor
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E64-d, which blocks reovirus cell entry by preventing proteolysis during endocytic uptake (40),
adsorbed with mock, T1L, T3D, T3C$, or reassortant reoviruses at an MOI of 100 PFU/cell and
assessed for infectivity after 18 h by indirect immunofluorescence using reovirus-specific antiserum
(FIG 3B). In contrast to attachment, r1Reovirus and r2Reovirus infect MDA-MB-231 cells more
efficiently than parental reoviruses or T3C$, with both reassortant viruses infecting cells over 2-fold
more efficiently. Infection with all viruses tested was impaired by E64-d, indicating a similar
requirement for proteolytic processing during entry. These data indicate that reassortant reoviruses
establish infection more efficiently in MDA-MB-231 cells than parental reoviruses and that infection
of these cells requires proteasomal processing of the virion during cell entry.

To determine if the increased infectivity of the reassortant viruses is limited to MDA-MB-
231 cells, the infectivity of parental and reassortant reoviruses was assessed on murine 1.929
fibroblasts, which are highly susceptible to reovirus infection and are used to propagate the virus
(FIG 3C). 1.929 cells were adsorbed with mock, T1L, T3D, T3C$, or reassortant reoviruses at an
MOI of 5 PFU/cell and assessed for infectivity after 18 h by indirect immunofluorescence using
reovirus-specific antiserum. In contrast to that observed in MDA-MB-231 cells, reassortant
reoviruses infect 1.929 cells to similar levels as parental T1L, but less efficiently than both T3D and
T3C$. These data indicate that r1Reovirus and r2Reovirus more efficiently infect TNBC cells, but
not 1.929 cells. This suggests that the genetic changes found in the reassortant viruses confer

enhanced infection in the TNBC cells used for serial passage at a step after attachment.

Replication kinetics of reassortant reoviruses are similar to T1L but faster than T3D.
To determine the replication efficiency of parental and reassortant reoviruses, MDA-MB-231
cells were adsorbed with mock, T11, T3D, T3C$ or reassortant reoviruses at an MOI of 10

PFU/cell and assessed for viral replication over a 3 day course of infection (FIG 4). Despite the
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differences observed in infectivity, all viruses except T3D replicated with similar kinetics, with T3C$
having faster replication kinetics by day 1 post infection (FIG 4B) and reaching higher peak titers
than all other viruses tested. T1L, T3C$, r1Reovirus, and r2Reovirus had similar replication kinetics
at days 2 and 3 post infection. T3D replication kinetics were slower, with lower viral yields, than all
other viruses tested. Interestingly, although T3C$ only differs from T3D by 22 amino acids, its
replication kinetics are more similar to T1L and the reassortant reoviruses than T3D. These data
indicate that although reassortant reoviruses establish infection in MDA-MB-231 cells more
efficiently than parental reoviruses, replication kinetics are similar to T1L but significantly enhanced

compared to T3D.

rlReovirus and r2Reovirus impact TNBC cell viability with faster kinetics than parental
reoviruses.

Type 3 reoviruses induce cell death more efficiently than Type 1 reoviruses 7 vitro and in vivo
and T3C$ is currently in clinical trials to test its efficacy as an oncolytic against a variety of cancers
(32, 41). To determine the efficacy of viral-induced cytotoxicity in TNBC cells, MDA-MB-231 cells
were adsorbed with mock, T1L, T3D, T3C$, r1Reovirus, or r2Reovirus at an MOI of 500 PFU/cell,
or treated with staurosporine as a positive control, and assessed for cell viability for 7 days (FIG 5A).
Compared to mock-infected cells, all reoviruses tested impaired cell viability, with reassortant
reoviruses impairing cell viability with the fastest kinetics. In reassortant reovirus-infected cells, cell
viability peaked at day 2 post infection, reaching levels similar to staurosporine by day 5 post
infection. Cell viability peaked at day 3 post infection in T1L-, T3D-, and T3C$-infected cells
reaching staurosporine levels by day 5 with T1L and day 6 with T3C$. At day 3 post infection, cell
viability is significantly impaired in reassortant reovirus-infected cells, but not other reoviruses tested

(FIG 5A). Overall, the impact on cell viability by reassortant viruses was 1 day ahead of T1L and
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T3C$ and 2-3 days ahead of T3D. To determine if similar effects on cell viability could be observed
in another TNBC cell line, MDA-MB-436 cells were infected with mock, T1L, T3D, T3C$, or
r2Reovirus and assessed for cell viability over 6 days (FIG 5B). Similar to that observed in MDA-
MB-231 cells, r2Reovirus induced cell death with significantly faster kinetics than either parental
T1L or T3D, or T3C$. At day 4 post infection, r2Reovirus was the only virus tested to significantly
impair MDA-MB-436 cell viability (FIG 5B). These data show that reassortant viruses negatively
affect cell viability of TNBC cells more efficiently than parental reoviruses and the oncolytic T3C$
strain. These data also suggest that T3D is not efficient at inducing cell death in at least a subset of
TNBC cells.

To determine if r1Reovirus and r2Reovirus differ from parental reoviruses in their ability to
impair cell viability of non-TNBC cells, 1.929 cells were adsorbed with mock, T1L, T3D, T3C$§,
r1Reovirus, or r2Reovirus at an MOI of 500 PFU/cell and assessed for cell viability over a 3 day
time course (FIG 5C). In contrast to that observed in MDA-MB-231 cells, all reoviruses tested
impaired cell viability with relatively similar kinetics except for T3C$, which impaired 1.929 cell
viability with significantly faster kinetics. These data indicate that reassortant viruses induce cell
death with faster kinetics than parental reoviruses in TNBC cells and to a lesser extent in 1.929 cells.
Given r2Reovirus had enhanced infectivity and cytotoxicity in MDA-MB-231 compared to parental
viruses and r1Reovirus has a genomically unstable S2 gene segment, experiments in the rest of this

study were performed with r2Reovirus.

Identification of small molecules that impact reovirus infectivity of MDA-MB-231 cells.
The efficacy of reovirus as a mono-oncolytic therapeutic has been limited. Combinatorial
therapeutics can enhance efficacy by targeting different pathways that lead to enhanced cancer cell

death (42). To identify small molecule inhibitors that enhance the oncolytic potential of reovirus, a
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high-throughput screen to assess the effect of small molecules from the NIH Clinical Collection I
and II INCC) on reovirus infectivity was performed. The NCC is composed of compounds that
have been through Phase I-11I clinical trials. To test the effects on reovirus infectivity of compounds
in the NCC, MDA-MB-231 cells were pre-treated with vehicle (DMSO), 4 uM E64-d, or 10 uM
NCC compounds for 1 h. r2Reovirus was added to cells at an MOI of 20 PFU/cell, incubated for
20 h post infection in the presence of DMSO, 2 uM E64-d, or 5 uM NCC compounds, and scored
for infectivity by indirect immunofluorescence using reovirus-specific antiserum (FIG 6A, Table S2).
Of the 700 compounds in the NCC, 20 increased reovirus infectivity whereas 17 decreased
infectivity (FIG 6B). Six microtubule-inhibiting compounds impaired reovirus infectivity,
corroborating a need for microtubule function in reovirus cell entry (43). The sodium ATPase pump
inhibitor digoxin and two serotonin antagonists also impaired reovirus infection, corroborating a
role for the sodium ATPase pump and serotonin receptors in reovirus infection (44, 45). Four
topoisomerase inhibitors, doxorubicin, epirubicin, etoposide (topoisomerase 11 inhibitors) and
topotecan (topoisomerase I inhibitor), significantly enhanced reovirus infectivity. Topoisomerase
inhibitors can sensitize TNBC cells to cell death but it is unknown how they impact reovirus-

mediated cell death (46).

Topoisomerase inhibitors enhance reovirus infection of MDA-MB-231 cells without altering
viral replication.

To determine if topoisomerase inhibitors affect reovirus infection of TNBC cells, MDA-
MB-231 cells were treated with increasing concentrations of doxorubicin, epirubicin, and topotecan
for 1 h at 37°C, infected with mock or r2Reovirus at an MOI of 100 PFU/cell, and scored for
infectivity by indirect immunofluorescence using reovirus-specific antiserum (FIG 7). Reovirus

infectivity increased slightly when cells were treated with 0.1 uM and more significantly when treated
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with 1.0 uM with all three drugs. Treatment of cells with 10 uM doxorubicin or epirubicin decreased
infectivity compared to 1.0 pM treatment, likely due to cellular cytotoxicity. In contrast, treatment of
cells with 10 uM topotecan enhanced reovirus infectivity more than any other concentration tested.
To determine if topoisomerase inhibitors affect reovirus replication in TNBC cells, MDA-MB-231
cells were treated with vehicle (DMSO), 1 pM doxorubicin, epirubicin, or topotecan, adsorbed with
mock or r2Reovirus at an MOI of 10 PFU/cell, and assessed for replication over a 3 day time coutse
(FIG 8). Treatment of cells with doxorubicin or epirubicin slightly decreased viral titers by day 3
post infection compared to DMSO. Treatment of cells with topotecan slightly affected viral titers at
day 0, but replication kinetics were similar to all other conditions at days 1-3, with slightly higher
viral yields at day 3.These data indicate that topoisomerase inhibitors augment reovirus infectivity in
a concentration-dependent manner while not significantly altering the ability of reovirus to replicate

in these cells.

Topoisomerase inhibitors enhance reovirus-mediated cell killing of MDA-MB-231 cells.

To determine if topoisomerase inhibitors confer additive or synergistic effects on reovirus-
mediated cytotoxicity, MDA-MB-231 cells were treated with vehicle (DMSO) or increasing
concentrations of doxorubicin, epirubicin, or topotecan for 1 h at 37°C, infected with r2Reovirus at
an MOI of 200 PFU/cell, and assessed for cell viability over 3 days (FIG 9). Treatment with 0.1 pM
of all three drugs did not significantly impact cell viability in the presence or absence of r2Reovirus.
In the absence of virus, 1.0 uM doxorubicin and epirubicin impaired cell viability to similar levels as
virus alone. Addition of reovirus moderately enhanced cytotoxicity compared to either agent alone.
These effects can be especially observed at day 3 post infection (FIG 9B). Treatment with 10 uM
doxorubicin or epirubicin had significant cytotoxic properties in the absence of reovirus. In contrast,

1.0 uM topotecan had significantly diminished cell viability in the absence of reovirus, and addition
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of reovirus conferred an additive effect on the cytotoxic effects of both topotecan and reovirus. A
synergistic cytotoxic effect was observed when reovirus was combined with 10 uM topotecan
compared to either agent alone. Together, these data indicate that the combination of topoisomerase

inhibitors with reovirus, especially topotecan, enhances the cytopathic properties of drugs and virus

in a TNBC cell line.

Activation of DNA damage repair and innate immune signaling pathways following reovirus
infection with topoisomerase inhibitors.

Reovirus infection activates innate immune signaling that results in the production of
interferon (IFN) (8, 47). Topoisomerase inhibitors, but not reovirus, induce DNA damage repair
pathways and can induce innate immune signaling (48). To determine if reovirus infection of TNBC
cells impacts DNA damage repair and innate immune pathways, MDA-MB-231 cells were treated
with DMSO, doxorubicin, epirubicin, or topotecan for 1 h at 37°C, infected with mock or
r2Reovirus, whole cell lysates were collected at 0, 1, and 2 days post infection, and immunoblotted
for phosphorylated and total STAT1, STAT2, STAT3, ATM, and p53 (FIG 10A). Reovirus infection
in the presence of topotecan resulted in increased levels of phosphorylated STAT1 and STAT2 at
day 1 post infection (FIG 10B). Total levels of STAT1 and STAT2 were slightly elevated in cells
treated with doxorubicin, epirubicin, and topotecan compared to DMSO. STAT3 is constitutively
activated in 40% of breast cancers and is associated with epithelial to mesenchymal transition (49,
50). Phosphorylated STAT3 was detected in the absence of reovirus regardless of the presence of
topoisomerase inhibitors. Infection resulted in decreased levels of phosphorylated STAT3 at 1 and 2
dpi also independent of doxorubicin, epirubicin, or topotecan. These data indicate that reovirus
infection of MDA-MB-231 cells promotes activation of innate immune pathways and that infection

in the presence of topotecan, but not doxorubicin or epirubicin, enhances the activation of both
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STAT1 and STAT?2. Reovirus infection also dampens the activation of STAT3 independent of
topoisomerase inhibitors.

Reovirus infection in the absence of topoisomerase inhibitors slightly affected
phosphorylated and total levels of ATM and p53, with phosphorylated ATM levels trending
upwards over the times tested (FIG 10C). Treatment of cells with topoisomerase inhibitors in the
absence of reovirus increased levels of phosphorylated ATM and p53 compared to DMSO-treated
cells at all time points tested. The activation of ATM and p53 by topoisomerase inhibitors was not
affected by the presence of reovirus. These data suggest that reovirus does not affect the activation

of DNA damage signaling activated by topoisomerase inhibitors.

Reovirus infection of TNBC cells results in increased levels of Type III interferon.

To assess if the increased levels of phosphorylated STAT1 and STAT2 correlate with IFN
production during reovirus infection, MDA-MB-231 cells were treated with DMSO, doxorubicin,
epirubicin, or topotecan for 1 h at 37°C, infected with r2Reovirus at an MOI of 100 PFU/cell, and
RNA and supernatants were collected at 0, 8, 12, 24, and 48 h post infection (FIG 11). Reovirus
mRNA levels were largely unaffected by the presence or absence of topoisomerase inhibitors up to
12 h post infection and slightly increased in doxorubicin and epirubicin at 24 and 48 h post infection
compared to DMSO and topotecan (FIG 11A), confirming that topoisomerase inhibitors do not
significantly affect reovirus replication. Despite robust infection, negligible levels of IFINB7 mRNA
were observed in the presence or absence topoisomerase inhibitors (FIG 11B). In contrast,
significant levels of IFINLL7 mRNA were observed starting at 8 h post infection and up to 48 h post
infection in infected cells (FIG 11C). Also, in infected cells IFNI.7 mRNA levels were higher in
DMSO- and topotecan-treated cells at 8 and 12 h post infection than in doxorubicin- and

epirubicin-treated cells, with the latter peaking at 24 h post infection. Interestingly, robust levels of
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IFNL7 mRNA were observed at 24 h and 48 h in uninfected cells treated with doxorubicin and
epirubicin. To determine if increasing levels of IFNL7 mRNA result in increasing levels of protein,
IFEN-)A levels were assessed by ELISA (FIG 11D). Secreted IFN-A was detected only in infected
cells, except for low levels at 48 h in uninfected cells. IFN-A was first observed at 12 h post
infection only in epirubicin-treated cells. By 24 h post infection, IFN-A was observed at similar
levels in cells treated with DMSO, doxorubicin, and topotecan, but not epirubicin. At 48 h post
infection, high levels of IFN-A were observed in all infected conditions, with the highest levels
observed in topotecan-treated cells. These data further support that topoisomerase inhibitors do not
affect overall reovirus replication kinetics and that reovirus infection of MDA-MB-231 cells results
in increased levels of Type 111, but not Type I, IFN mRNA and protein. Although topoisomerase
inhibitors had a modest effect in the induction of IFNIL.7 mRNA following reovirus infection, the

presence of topotecan had the largest effect on the levels of secreted IFN-A .

Type II1 IFNs do not affect cell viability of TNBC cells.

Infection of MDA-MB-231 cells results in the production of Type III IFN. To determine if
Type I or Type 11T IFNs impact cell viability of TNBC cells, MDA-MB-231 cells were treated with
DMSO, increasing amounts of recombinant human IFN-A or IFN-B, or 1 pM doxorubicin, or
infected with r2Reovirus at an MOI of 100 PFU/cell, and assessed for cell viability over 3 days (FIG
12A). Treatment of cells with IFN-A did not affect cell viability. In contrast, treatment of cells with
IFN-8 decreased cell viability in a dose-dependent manner, with cell viability levels reaching those
see during reovirus infection with the highest dose tested. To determine if MDA-MB-231 cells can
sense Type I and Type III IFNs, cells were untreated or treated with increasing amounts of IFN-A
or IFN-B, and assessed for the activation status of STAT1 and STAT2 after 1 h (FIG 12B).

Compared to untreated cells, phosphorylated STAT1 and STAT2 were observed following
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treatment with both IFN-A or IFN-8, suggesting that MDA-MB-231 cells can respond to Type I and
Type I IFNs. These data suggest that while infection of MDA-MB-231 cells results in robust
production of Type IIT IFN, the cytotoxic effects of reovirus infection are not directly due to

antiproliferative effects of the IFN-A produced by these TNBC cells.

Discussion

Reovirus has an inherent preference to replicate in tumor cells, making it ideally suited for
use in oncolytic therapy (14, 15). Reovirus can be delivered to patients via intratumoral and
intravenous administration and can be effective in combination therapy (13). A Type 3 reovirus
(T3CS$) is currently in Phase I-II clinical trials against a variety of cancers in combination with several
drugs (clinicaltrials.gov: NCT01622543, NCT01656538). In this study, we generated novel
reassortant reoviruses with enhanced replicative properties in TNBC cells by coinfection of a TNBC
cell line with prototype strains T1L, T2], and T3D and serial passage. Reassortant reoviruses attach
to cells with similar efficiency as T1L, whereas Type 3 reoviruses attach with enhanced efficacy. T1L
uses GM2 glycans to attach to cells whereas T3D interacts with a.2,3-linked sialic acid (38, 51). High
expression of a2,3-sialic acid in breast cancer is associated with greater metastatic potential (52),
suggesting the slight enhancement in attachment observed with Type 3 reoviruses could be due to
high levels of «2,3-sialic acid present on the surface of MDA-MB-231 cells.

Reassortant viruses did not have mutations in o 1 and the most predominant viruses
following serial passaging all had a Type 1 o1. These data suggest that carbohydrate binding did not
drive selection of the reassortant viruses. JAM-A is expressed in normal mammary epithelial cells
and high JAM-A expression in breast cancer patients correlates with worse survival and increased
recurrence (53, 54). MDA-MB-231 cells express JAM-A (54), although relatively low JAM-A levels

may be responsible for the lower infectivity observed by all reoviruses tested in comparison to
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infection in 1.929 cells. These data suggest that receptor engagement is not responsible for the
enhanced infectivity observed with the reassortant viruses.

During cell entry, reovirus traverses to endosomes where cathepsin proteases cleave outer
capsid protein 63, forming an infectious subvirion particle (ISVP) (40, 55). Both reassortants have a
nonsynonymous mutation in the 63-encoding S4 gene segment that results in a V491 substitution.
This mutation has not been identified to impact reovirus disassembly kinetics, but it is possible it
could expedite viral cell entry kinetics. However, reassortant viruses were equally sensitive to E64-d
treatment as parental viruses. Although reassortant viruses infected MDA-MB-231 cells more
efficiently than T1L, T3D, and T3C$, replication kinetics of the reassortant viruses were similar
except for T3D, which had slower replication kinetics. These data indicate that Type 1 reoviruses
replicate with enhanced kinetics compared to T3D, but that genetic differences between T3D and
T3C$ are sufficient to allow T3C$ to replicate as efficiently as Type 1 viruses. These data also
suggest that the enhanced cytotoxic properties of the reassortant viruses over parental viruses are
not due to enhanced replication kinetics in MDA-MB-231 cells.

The reovirus L3, S2, and S3 gene segments have distinct roles in reovirus replication. The
L3-encoded A1 protein is a major inner-capsid protein that has phosphohydrolase activity and
participates in viral transcription (56, 57). The S2-encoded o2 protein is essential for the assembly of
viral cores (58). The S3-encoded nonstructural protein NS is required for viral factory formation
(59). The similarity in replication efficiency observed between T1L and the reassortant viruses
suggests the A160T mutation in L.3 and 1250V mutation in S3 (found in both reassortants) and the
P161T in S3 (in r1Reovirus only) do not impact overall replication efficiency. However, it is possible
that point mutations in these gene segments in the reassortant viruses impact the activity of the viral

proteins that result in enhanced infectivity or cytotoxicity in the context of TNBC cells. Further
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characterization of the point mutations found in the reassortant viruses will help elucidate their
impact on viral fitness.

Of all the viruses tested in MDA-MB-231 cells, r1Reovirus and r2Reovirus impaired cell
viability with the fastest kinetics, and only T3D was severely deficient in killing these cells. The poor
induction of cell death by T3D may be related to its dampened replication in these cells. Differences
in the induction of apoptosis by reovirus strains segregate with the M2 and S1 gene segments (32).
Apoptosis is activated by fragments of the M2-encoded p1 protein generated during reovirus cell
entry (27, 31, 32, 60, 61). The o1 protein impacts reovirus infectivity by enhancing reovirus
attachment to cells (62). S1 is genetically linked to reovirus induction of apoptosis through the
activities of both o1 and ols, although it is unclear if the effects of o1s on the induction of cell death
are independent of its ability to regulate viral protein synthesis and induce cell cycle arrest (63, 64).
We did not observe significant levels of cell cycle arrest in MDA-MB-231 cells infected with
reassortant reoviruses (data not shown). It is unclear if the enhanced cytopathic properties of
reassortant viruses in the context of TNBC cells maps to the T3D M2 gene segment, the various
nonsynonymous changes, or a combination of both.

Screening small molecules from the NIH Clinical Collection identified 20 molecules that
increase infectivity and 17 molecules that decreased infectivity in MDA-MB-231 cells. Six
microtubule-inhibiting drugs, digoxin, and two serotonin antagonists affected reovirus infectivity,
corroborating the role of microtubules, the sodium-potassium ATPase pump, and serotonin
receptors in reovirus infection (43-45). Of the 17 molecules that enhanced infectivity, 4 are
topoisomerase I (topotecan) or II (doxorubicin, epirubicin, and etoposide) inhibitors. Treatment of
cells with topoisomerase inhibitors resulted in increased infectivity, with no effect on virus
attachment (data not shown) or viral replication, except for slight increases in viral RNA at 24 and

48 h post infection. Topoisomerase inhibitors promote DNA double-strand breaks leading to cell
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death (65-68). Reovirus infection does not induce DNA double-strand breaks and promotes cell
death through the induction of extrinsic and intrinsic apoptosis or necroptosis (22, 23, 27, 32, 69,
70). It is possible that topoisomerase inhibitors positively affect uptake of viral particles during cell
entry that results in enhanced infectivity and that doxorubicin and epirubicin further impact a step
late in the viral life cycle that results in enhanced transcription of viral RNA. It is also possible that
the additive cytotoxicity observed in MDA-MB-231 cells when both reovirus and topoisomerase
inhibitors are present is through the activation of complementary cell death pathways.

Reovirus infection does not impair the DNA double strand break response activated by
treatment with topoisomerase inhibitors. Late during infection in the presence of topoisomerase
inhibitors, levels of phosphorylated and total p53 were lower than in uninfected cells. It remains to
be determined if the effects of reovirus infection on p53 are at the transcriptional, translational, or
post-translational level. Reovirus infection can induce higher levels of activated MDM?2, which leads
to p53 degradation (71). In the context of reovirus infection, it is possible that topoisomerase
inhibitors promote p53 stabilization through impairing the activation of MDM?2 by the virus. It is
also possible the effects on total p53 at late times post infection are due to viral-dependent host
translational shutoff. In support of this, total levels of STAT1, STAT2, STAT3, and ATM were also
lower at late times of infection.

Reovirus infection of MDA-MB-231 cells resulted in robust expression of Type 111, but not
Type I, IFN mRNA and protein. Infection in the presence of topoisomerase inhibitors did not
significantly affect levels of IFINLL7 mRNA. Interestingly, doxorubicin and epirubicin treatment in
the absence of infection results in the induction of IFNL7 mRNA starting at 24 h reaching similar
levels to those detected in virus-infected cells by 48 h. Induction of DNA double strand breaks by
topoisomerase inhibitors can result in p53-dependent regulation of Type I IFN through a STING-

dependent but cGAS-independent pathway (48). MDA-MB-231 cells express STING (data not
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shown), suggesting that topoisomerase inhibitors could be inducing transcription of Type III IFN
downstream of the induction of the DNA damage response through a similar mechanism. However,
topoisomerase inhibitors did not induce Type I IFN transcription in the presence or absence of
reovirus.

Levels of IFN-A were first observed at 12-24 h post infection in the presence or absence of
topoisomerase inhibitors, with the highest levels of IFN-A detected at 48 h post infection in the
presence of topotecan. IFNA1, IFNA2, and IFNA3 are expressed in breast cancer cells, although their
role in mediating innate immunity in these cells is not well characterized (72). Type I and Type 111
IFN are transcriptionally regulated by the transcription factor IRF3 (73, 74). Reovirus can
antagonize IFN production by sequestering IRF3 to viral inclusions (75) and infection of gut
epithelial cells 7z vitro and 7n vivo results in upregulated levels of IFN-A mRNA (75-77). It is possible
that in MDA-MB-231 cells reovirus is unable to sequester IRF3 to viral inclusions, resulting in
robust production of Type 111 IFN. Reovirus infection of TNBC cells resulted in high levels of
secreted IFN-A, with over 200 pg/ml detected at 48 h post infection in the presence or absence of
topoisomerase inhibitors. Levels of IFN-A in the presence of topotecan at 48 h post infection
reached over 800 pg/ml, levels that are higher than that observed in dendritic cells that have been
exposed to a RIG-I agonist (78). It is unclear why topotecan, but not doxorubicin or epirubicin
result in significantly higher IFN-A levels, especially considering that IFNL7 mRNA levels were not
different in infected cells in the presence of the different topoisomerase inhibitors. Interestingly, in
the absence of reovirus, IFN-A had no effect on MDA-MB-231 cell viability, while IFN-A decreased
cell viability in a concentration dependent manner. However, MDA-MB-231 cells responded to
Type I and Type III IFN treatment, indicating these cells have functional receptors to detect and
activate signaling pathways downstream of ligand engagement. MDA-MB-231 cells can express low

basal levels and are responsive to Type I IFNs (79-81). The large levels of Type III IFN detected in
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MDA-MB-231 cells, and lack of Type I IFN, indicates that STAT activation observed in these cells
is likely in response to the interaction of IFN-A with its receptors.

Despite the robust induction of Type III IFN in response to infection, robust levels of
activated STAT1 and STAT2 were only detected in the presence of topotecan. Low levels of
activated STAT1 were observed in infected cells in the absence of topoisomerase inhibitors, but no
STAT activation was observed in the presence of doxorubicin or epirubicin. It is possible that the
low levels of activated STAT1 and STAT2 in infected MDA-MB-231 cells are a result of impaired
sensing of IFN-A due to low level expression of the IFN-A receptor. It is also possible that treatment
of cells with topotecan may sensitize cells to IFN-A through the upregulation of the IFN-A receptor.
Surprisingly, despite high levels of activated STAT1 and STAT2 following reovirus infection of
topotecan-treated cells, reovirus infectivity and replication remained unimpaired.

In this study, we generated reoviruses with unique infective and cytotoxic properties by
forward genetics following coinfection with three different serotype reoviruses. The novel genetic
composition of the reassortant viruses could inform future studies on viral factors that promote
infection and killing of cells by reovirus. Through high-throughput screening we identified
topoisomerase inhibitors as a class of drug that enhances infection and the cytotoxic properties of
reovirus in the context of TNBC. We also show that infection of a breast cancer cell line leads to the
robust production of Type 111, but not Type I, IFN. This study presents evidence for the pairing of
reassortant reoviruses generated by forward genetics with topoisomerase inhibitors identified by

high-throughput screening as a promising therapeutic against TNBC.
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Materials and Methods
Cells, viruses, and antibodies

MDA-MB-231 cells (gift from Jennifer Pietenpol, Vanderbilt University) and MDA-MB-436
cells (ATCC HTB-130) were grown in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) (Life Technologies), 100 U per ml penicillin and
streptomycin (Life Technologies). Spinner-adapted 1.929 cells (Terry Dermody, University of
Pittsburgh) were grown in Joklik’s modified MEM with 5% FBS, 2 mM L- glutamine (Life
Technologies), penicillin and streptomycin, and 0.25 mg per ml amphotericin B (Life Technologies).

Reovirus strains Type 1 Lang (T'1L) and Type 3 Dearing (T3D) working stocks were
prepared following rescue with reovirus cDNAs in BHK-T7 cells (gift from Terry Dermody,
University of Pittsburgh), followed by plaque purification, and passage in 1.929 cells (82). Reovirus
type 2 Jones (T2]) is a laboratory strain and Type 3 Cashdollar (T3C$) is a distinct Type 3 reovirus
(83). Purified virions were prepared using second-passage 1.929 cell lysate stocks. Virus was purified
from infected cell lysates by Vertrel XF (TMC Industties Inc.) extraction and CsCl gradient
centrifugation as described (84). The band corresponding to the density of reovirus particles (1.36
g/cm’) was collected and dialyzed exhaustively against virion storage buffer (150 mM NaCl, 15 mM
MgCl2, 10 mM Tris-HCI [pH 7.4]). Reovirus particle concentration was determined from the
equivalence of 1 unit of optical density at 260 nm to 2.1X10" particles (85). Viral titers were
determined by plaque assay using 1.929 cells (86). Reovirus virions were labeled with succinimidyl

ester Alexa Fluor 488 (A488) (Life Technologies) as described (43, 87).

Reovirus polyclonal rabbit antiserum raised against reovirus strains T1L and T3D was

purified as described (88) and cross-adsorbed for MDA-MB-231 cells. Secondary IRDye 680 and
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800 antibodies (LI-COR Biosciences) and goat anti-rabbit Alexa Fluor 488 (A488) (Life

Technologies).

Serial passage of T1L, T2], and T3D in MDA-MB-231 cells

MDA-MB-231 cells were adsorbed with T1L, T2], and T3D at a multiplicity of infection
(MOI) of 1 PFU/cell for 1 h at room temperature and incubated for 48 h at 37°C in MDA-MB-231
cell media. Cells were freeze-thawed three times, fresh MDA-MB-231 cells were infected with 500 ul
of freeze-thawed cell supernatant, and incubated for 48 h at 37°C. Serial passage was repeated 20
times and individual viral titers were obtained by plaque isolation following plaque assay in 1.929

cells.

Electrophoretic mobility of reovirus

510" patticles of purified reovirus or freeze-thawed supernatants containing reovirus mixed
with 2X SDS-Sample Buffer (20% Glycerol, 100 mM Tris-HCI [pH 6.8], 0.4% SDS, and 3 mg
Bromophenol Blue) were separated by SDS-PAGE using 4-20% gradient polyacrylamide gels (Bio-
Rad Laboratories) at 10 mAmps for 16 h. The gel was stained with 5 ug/ml ethidium bromide for 20

min and imaged using a Chemidoc XRS+ (Bio-Rad).

Next Generation Sequencing of Reovirus

RNA from viral preparations of T1L, T2], T3D, r1Reovirus, and r2Reovirus were obtained
using an RNeasy RNA purification kit (Qiagen). Ten nanograms of viral RNA was used as input for
cDNA synthesis using the Clontech SMARTer Stranded Total RNA-Seq Kit v2 (Pico Input,
Mammalian) according to the manufacturer’s instructions. Libraries were validated by capillary

electrophoresis on an Agilent 4200 TapeStation, pooled, and sequenced on an Illumina HiSeq3000
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with 100bp paired end reads averaging 13 million reads/sample, yielding an average depth of
coverage > 1000 reads. Reads were trimmed of adapter sequence using Trimmomatic (version 0.36,

http://www.usadellab.org/cms/?page=trimmomatic) using the TruSeq3-PE-2 paired end adapter

reference. Trimmed reads from each sample were aligned to all of the parental strain reference
sequences using the Burrows-Wheeler Aligner (BWA version 0.7.10-1789, http://bio-

bwa.sourceforge.net/). Deduplication was performed with Picard tools (version 1.74(1243),

https://broadinstitute.github.io /picard/), and variation was called, again for each sample against all

the parental strain references, using the GATK pipeline’s (version 3.4,

https://software.broadinstitute.org/gatk/) HaplotypeCaller with ploidy set to 1 and other default

parameters. The resultant Variant Call Files (.vcf) were examined for sample similarity/variation

from the parental reference strains.

Flow cytometric analysis of cell-surface reovirus

MDA-MB-231 cells were adsorbed with 5x10°-5x10* particles per cell of A633-labeled virus
for 1 h at room temperature. Cells were washed with PBS, detached with Cellstripper (Cellgro) for
10 min at 37°C, quenched and washed with PBS containing 2% FBS. Cells were fixed in 1% EM-
grade paraformaldehyde (Electron Microscopy Sciences). Mean fluorescence intensity (MFI) was
assessed using a CytoFLEX flow cytometer (Beckman Coulter) and quantified using FlowJo

software.

Reovirus infectivity assay
Reovirus infectivity was assessed by indirect immunofluorescence (23). MDA-MB-231 and
1929 cells were adsorbed with reovirus at a range of MOIs for 1 h at room temperature, washed

with PBS, and incubated in media for 16-24 h at 37°C. To assess the effects of topoisomerase
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inhibitors on reovirus infectivity, cells were pretreated with topoisomerase inhibitors or E64-d for 1
h at 37°C, reovirus was added to cells, and incubated for 18-24 h at 37°C. Cells were fixed with ice-
cold methanol and stored at -20°C for at least 30 min. Methanol was removed, cells were washed
twice with PBS, and blocked with PBS containing 1% BSA for 15 min at room temperature. Cells
were stained with reovirus-specific polyclonal antiserum (1:2000) for 1 h at room temperature,
washed twice with PBS, stained with goat anti-rabbit Alexa 488 (1:1000) for 1 h at room
temperature, counterstained with 0.5 ng/ml DAPI for 5 min at room temperature, and washed twice
with PBS. Immunofluorescence was detected using a Lionheart FX Automated Microscope (Biotek)
with a 4x-PLFL phase objective (NA 0.13), and percent infectivity was determined (reovirus positive

cells/DAPI positive cells) using Gen5 software (Biotek).

Reovirus replication assay

MDA-MB-231 cells were adsorbed with reovirus at a MOI of 10 PFU/cell for 1 h at room
temperature, washed with PBS, and incubated for 0-3 days in MDA-MB-231 media at 37°C. To
determine the effects of topoisomerase inhibitors on reovirus replication, MDA-MB-231 cells were
treated with vehicle or topoisomerase inhibitors for 1 h at 37°C, media was removed, cells were
adsorbed with reovirus at an MOI of 10 PFU/cell for 1 h at room temperature, washed with PBS,
and incubated for 0-3 days with complete media containing vehicle or topoisomerase inhibitors at
37°C. Cells were freeze-thawed three times and viral titers were determined by plaque assay using

1.929 cells. Viral yields were calculated by dividing viral titers by the viral titer from day 0.

Cell viability assay
Cell viability was assessed by measuring metabolic activity using Presto Blue reagent

(Invitrogen). 1929, MDA-MB-231, and MDA-MB-436 cells were adsorbed with reovirus at a range
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of MOIs for 1 h at room temperature or treated with 1 pM staurosporine, washed with PBS, and
incubated for 0-7 days at 37°C. To determine the effects of topoisomerase inhibitors on cell
viability, cells were pretreated with increasing concentrations of topoisomerase inhibitors for 1 h at
37°C, reovirus was added to cells, and incubated in the presence of the inhibitors for 0-3 days. To
determine the effect of recombinant IFNs on cell viability, MDA-MB-231 cells were treated with 10-
5000 IU/ml human IFN-A (Peprotech) or 10-1000 ng/ml IFN-3 (Peprotech), 1 u M doxorubicin, or
infected with reovirus at an MOI of 100 PFU/cell and assessed for cell viability for 0-3 days. Presto
Blue was added at each time point for 30 min at 37°C and fluorescence (540 nm excitation/590 nm

emission) was measured with a Synergy HT plate reader (Biotek).

Screening of NIH Clinical Collection Small Molecule Inhibitors

The NIH Clinical Collection was obtained from the NIH Roadmap Molecular Libraries
Screening Centers Network. MDA-MB-231 cells were treated with DMSO, 4 uM E64-d, or 10 pM
of compounds from the NIH Clinical Collection for 1 h at 37°C. Media (mock) or reovirus was
added to cells at an MOI of 20 PFU/cell, and incubated for 20 h at 37°C. Cells were fixed and
scored for infectivity by indirect immunofluorescence as described previously. Z scores for each well
were calculated using the following formula: Z score = (a-b)/c, where a is the percent infectivity
(infected cells/number of cells), b is the median percent infectivity for each plate, and ¢ is the
standard deviation of percent infectivity for each plate. Z scores of -2 > x < 2.0 were considered

significant. Data for all compounds in screen are provided in Table S2.

Immunoblotting for DNA damage response and innate immune molecules
MDA-MB-231 cells were treated with DMSO or 2 uM topoisomerase inhibitors for 1 h at

37°C, infected with mock or reovirus at an MOI of 100 PFU/cell, and incubated for 0-2 days at
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37°C. To assess the ability of IFNs to stimulate immune signaling, MDA-MB-231 cells were treated
with 10 and 100 ng/ml of IFN-A or 100 and 1000 IU/ml IFN-8 for 1 h at 37°C. Whole cell lysates
were prepared using RIPA buffer (20 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1%
NP-40, 0.1% sodium dodecyl sulfate, 0.1% sodium deoxycholate) and fresh Protease Inhibitor
Cocktail (P8340, Sigma-Aldrich), Phosphatase Inhibitor Cocktail 2 (P57206, Sigma-Aldrich), 1 mM
sodium vanadate, and 1 mM phenylmethylsulfonyl fluoride (PMSF) and protein concentration was
determined using the DC protein assay (Bio-Rad). Whole cell lysates were resolved by SDS-PAGE
in 4-20% gradient Mini-PROTEAN TGX gels (Bio-Rad) and transferred to 0.2 um pore size
nitrocellulose membranes (Bio-Rad). Membranes were incubated for 1 h in blocking buffer (Ttris-
buffered saline [TBS] with 5% powdered milk), incubated with primary antibodies specific for
phospho-STAT1 (Y701, clone D4A7 #7649), -STAT2 (Y690, clone D3P2P, #88410), -STAT3
(Y705, clone D3A7, #9145), -ATM(S1981, clone 10H11.E12, #4526), -p53(S15, #9284), total
STAT1 (clone D3A7, #9145), STAT2 (clone D9J7L, #72604), STAT3 (clone 124H6, #9139), ATM
(clone D2E2, #2873), p53 (clone 1C12, #2524), and GAPDH (clone GA1R, MA5-15738), and
reovirus polyclonal antiserum overnight at 4°C. Antibodies are from Cell Signaling Technology
except for GAPDH, ThermoFisher. Membranes were washed with TBS-T (TBS with 0.1% Tween
20) and incubated with secondary antibodies conjugated to IRDye 680 or IRDye 800. Membranes

were imaged using a LiCor Odyssey CLx and processed in ImageStudio (LI-COR Biosciences).

qPCR assessment of Type 1 and 3 interferon transcript levels

MDA-MB-231 cells were treated with DMSO or 2 uM topoisomerase inhibitors for 1 h at
37°C, infected with mock or r2Reovirus at an MOI of 100 PFU/cell, and incubated for 0, 8, 12, 24,
and 48 h. RNA was isolated using a QIAGEN RNeasy kit with on-column DNase digestion.

cDNAs were generated using 500 ng of RNA and random primers with the High-Capacity cDNA
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Reverse Transcription Kit (ThermoFisher) in a SimpliAmp Thermal Cycler (ThermoFisher). cDNA
was diluted 1:5 in nuclease-free water and qPCR reactions were performed in MicroAmp Fast
Optical 96-Well Reaction Plates (Applied Biosystems) using PrimeTime qPCR assays (IDT) for
IFNBT1, IFNL.1, HPRT1, and a custom assay for the reovirus S1 gene segment (Probe: 5’-/56-
FAM/TCAATGCTG/ZEN/TCGAACCACGAGTTGA/3IABKFQ/-3’; Primer 1: 5~
CGAGTCAGGTCACGCAATTA-3; Primer 2: 5’>-GGATGTTCGTCCAGTGAGATTAG-3’)
using a 7500 Fast Real-Time PCR System (Applied Biosystems) and accompanying software to

analyze qPCR data.

IFN)M ELISA

MDA-MB-231 cells were treated with DMSO or 2 uM topoisomerase inhibitors for 1 h at
37°C, infected with mock or r2Reovirus at an MOI of 100 PFU/cell, and incubated for 0, 8, 12, 24,
and 48 h. Cell supernatants were collected and levels of IFN-A were determined with the IFN-
lambda 1/3 DuoSet ELISA kit (R&D Systems). Plates were read on a Synergy HT plate reader

(Biotek) using 450 nm for sample detection and 540 nm for wavelength correction.

Statistical analysis
Mean values for quadruplicate experiments were compared using one or two-way analysis of
variance (ANOVA) with Dunnett’s or Tukey’s multiple-comparisons test (Graph Pad Prism). P

values of < 0.05 were considered statistically significant.
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Data Availability
Individual mutations identified in reassortant viruses are listed in Table S1. The read files for
this study have been deposited with the NCBI Sequence Read Archive (SRA) and are available via

accession PRJNA561538.
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FIG 1. Generation of reoviruses by forward genetics in MDA-MB-231 cells. (A) Triple-negative
breast cancer MDA-MB-231 cells were co-infected with T1L, T2], and T3D and serially passaged
ten or twenty times. Virus isolates were obtained following plaque assay on 1.929 cells and
sequenced by Illumina Next-Generation Sequencing. (B) Polyacrylamide gel electrophoresis of
reovirus parental strains T1L, T2], and T3D and r1Reovirus (r1) and r2Reovirus (r2). Strains are
differentiated by migration patterns of three large (L), three medium (M), and four small (S) gene
segments. (C) Percentage of viral isolates with a specific electropherotype following 10 serial
passages in MDA-MB-231 cells (n = 44). r1Reovirus (pink) accounts for 11% of isolates while
r2Reovirus (orange) accounts for 52%. (D) Percentage of viral isolates with a specific
electropherotype following 20 serial passages in MDA-MB-231 cells (n = 45). r1Reovirus (pink)

accounts for 33% of isolates while r2Reovirus (orange) accounts for 27%.
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FIG 2. Genetic composition of r1Reovirus and r2Reovirus. The genetic composition of parental
and reassortant r1Reovirus and r2Reovirus was determined by Illumina Next-Generation
sequencing. r1Reovirus has seven gene segments from T1L and three from T3D (52, M2, L.2) and
four nonsynonymous point mutations (L3 A160T, S3 P161T, 1250V, and S4 V49I). r2Reovirus has
nine gene segments from T1L and one from T3D (M2) and three nonsynonymous point mutations
(L3 A160T, S3 1250V, and S4 V49I). Both r1Reovirus and r2Reovirus have several synonymous

point mutations.
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FIG 3. Attachment and infectivity of MDA-MB-231 cells by reassortant reoviruses. (A) MDA-MB-

231 cells were adsorbed with A633-

labeled T1L, T3D, T3C$, or reassortant reoviruses at an MOI of

5x10* particles/cell and assessed for cell-surface reovirus by flow cytometry. Results are expressed as

box and whisker plots of cell surface reovirus mean fluorescence intensity (MFI) for quadruplicate

independent experiments. (B) MDA-MB-231 cells were treated with DMSO or 4 uM E64-d and

adsorbed with T1L, T3D, T3C$, or

reassortant reoviruses at an MOI of 100 PFU/cell and assessed
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for infectivity after 18 h by indirect immunofluorescence using reovirus-specific antiserum. (C) 1.929
cells were adsorbed with T1L, 'T3D, T3C$, or reassortant reoviruses at an MOI of 5 PFU/cell and
assessed for infectivity after 18 h by indirect immunofluorescence using reovirus-specific antiserum.
Results are expressed as box and whisker plots of percent infectivity for quadruplicate independent
experiments. *, P < 0.0005 in comparison to T1L by two-way ANOVA with Tukey’s multiple

comparisons test.
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FIG 4. Reassortant viruses replicate with similar kinetics than T1L and T3C$, but faster than T3D,
in MDA-MB-231 cells. T1L, T3D, T3C$, r1Reovirus, and r2Reovirus were adsorbed at an MOI of
10 PFU/cell and (A) viral titers and (B) viral yields were determined by plaque assay on 1.929 cells at
0-3 days post infection. The results are presented as (A) mean viral titers (X SEM) or (B) mean viral

yields (£ SEM) compared to day O post infection.
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FIG 5. Impact on cell viability of TNBC cells and 1.929 cells following reovirus infection. (A)

MDA-MB-231, (B) MDA-MB-436, and (C) L1929 cells were adsorbed with T1L, T3D, T3CS$,

r1Reovitus, or tr2Reovirus at an MOI of 500 PFU/ml or treated with 1 pM staurosporine and cell

viability was assessed at times shown. Results are presented as mean fluorescence intensity (MFI)

and SEM for four independent experiments. Bottom panel, cell viability for all cell lines in (A-C) for

days 3, 4, and 1 post-infection. Error bars represent SEM. *, P < 0.01, **, P < 0.001, ***, P < 0.0001

in comparison to T1L by two-way ANOVA with Tukey’s multiple comparisons test.
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Compound Name Target or Mode of Action Run 1 Run 2 Average
bicin Topoisomerase Il Inhibilor 7.98 684 741
Vinhibitor 538 594 566
Dactinomycin DNA 318 416 367
Oligomycin A ATPase Inhibitor 221 505 363
Azelastine hydrochloride Histamine H1 Receplor Antagonist 298 385 341
Simvastatin 3-hydroxy-3-methyl-glutaryl-CoA Reductase 253 331 292
Etoposide Topoisomerase Il Inhibitor 335 226 281
Ondansetron Serotonin 3 Receplor (5-HTR3) Antagonist 277 260 269
Nobiletin MMP Inhibitor 212 319 266
W inhibitor 324 202 263
Fluvastatin 3-hydroxy-3-methyl-glutaryl-CoA Reductase 245 275 260
loride Serotonin 3 Receplor (5-HTR3) Antagonist 239 273 256
Serotonin Transporter 229 239 234
Benproperine phosphale Cough Suppressor 222 233 227
Mevastatin 3-hydroxy-3-methyl-glutaryl-CoA Reductase 215 235 225
Cytarabine Nudieoside Analogue 200 234 247
Fenofibrate 187 241 214
Droperidol Dopamine-2 Receplor Antagonist 276 149 213
Lovastatin 3-hydroxy-3-methyl-glutaryl-CoA Reductase 176 246 211
| Donepeil hydrochloride 215 200 207
Compound Name Target or Mode of Action Run 1 Run 2 Average
508 & 70S Ribosomes -6.19 -6.15 -6.17
80S Ribosome Subunit 584 650 617
Opioid-receptor Agonist 549 630 589
NaK ATPase Pump 449 536 492
Microtubules 386 466 426
Purine Metabolism Inhibitor 399 389 -394
Microtubules 345 362 -354
Estrogen Receplor Agonist 230 381 -3.05
Microtubules 353 203 278
Microtubules 246 264 255
Dopamine Antagonist 216 273 244
Microtubules 236 231 -233
Microtubules 217 178 227
Histamine H1 Receptor 187 260 224
Fungal P450 285 159 222
Folic Acid Antagonist 211 195 -203
Glutamate 221 .82 -201

FIG 6. Screening of NIH Clinical Collection small molecules for reovirus infectivity. MDA-MB-231

cells were treated with vehicle (DMSO), 4 pM E64-d, or 10 pM compounds from the NIH Clinical

collection for 1 h, infected with r2Reovirus at an MOI of 20 PFU/cell in the presence of DMSO, 2

uM E64-d, or 5 pM compounds from the NIH Clinical collection for 20 h. Cells were scored for

infectivity by indirect immunofluorescence using reovirus-specific antisera. (A) Data are shown as

infectivity from average Z-scores for compounds in the NIH Clinical Collection for duplicate

experiments. (B) Compounds from the NIH Clinical Collection that increase (green, top table) or

decrease (red, bottom table) infectivity by 2 Z-scores or more. Data are shown for each experimental

replicate (Run).
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FIG 7. Topoisomerase inhibitors enhance reovirus infection of TNBC cells. MDA-MB-231 cells

were treated for 1 h with vehicle (DMSO), 8 uM E64-d, or increasing concentrations doxorubicin,

epirubicin, or topotecan and infected with r2Reovirus at an MOI of 100 PFU/cell for 20 h. Cells

were assessed for infectivity by indirect immunofluorescence using reovirus-specific antisera. Data

are shown as percent infectivity for quadruplicate independent experiments. **, P < 0.01, *¥* P <

0.001, *¥**+£ P < 0.0001 in comparison to DMSO by one-way ANOVA with Dunnett’s multiple

comparisons test.
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FIG 8. Topoisomerase inhibitor drugs do not impair r2Reovirus replication in MDA-MB-231 cells.
MDA-MB-231 cells were treated with vehicle (DMSO), 1 pM topoisomerase inhibitors, adsorbed
with r2Reovirus at an MOI of 10 PFU/cell, and assessed for viral replication by plaque assay on

1929 cells at days 0-3 post infection. Results are presented as (A) mean viral titers (SEM) and (B)

mean viral yields (+SEM) from day 0.
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FIG 9. Cell viability of MDA-MB-231 cells is impaired by reovirus and topoisomerase inhibit
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doxorubicin, epitubicin, or topotecan for 1 h, infected with r2Reovirus at an MOI of 200 PFU/cell,

and assessed for cell viability at days 0-3 post infection. Data are shown as mean fluorescence

intensity (MFI) for quadruplicate independent experiments. (B) Cell viability for all conditions in (A)

for day 3 post infection. Error bars represent SEM. **, P < 0.01, ***, P < 0.001 by one-way

ANOVA with Tukey’s multiple comparisons test.
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FIG 10. Reovirus activates STAT1 signaling and topoisomerase inhibitors activate DNA damage

response pathways. (A) MDA-MB-231 cells were treated with vehicle (DMSO) or 2 pM
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doxorubicin, epitubicin, or topotecan for 1 h, infected with reovirus at an MOI of 100 PFU/cell,
and incubated with DMSO or 1 pM topoisomerase inhibitors for 0-2 days post infection. Whole cell
lysates were resolved by SDS-PAGE and immunoblotted with antibodies specific for
phosphorylated and total STAT1, STAT2, STAT3, ATM, p53 and GAPDH and reovirus. Residues
recognized by phosphorylation-specific antibodies are shown in parenthesis. (B) Quantitative
densitometry of immunoblots from three independent experiments. All data are normalized to

GAPDH and DMSO Mock for each corresponding day. Error bars = SEM.
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FIG 11. Topoisomerase inhibitors and r2Reovirus induce higher levels of IFNL1 over time than
either agent alone. MDA-MB-231 cells were treated with vehicle (DMSO) or 2 uM doxorubicin,
epirubicin, or topotecan, infected with mock or r2Reovirus at an MOI of 100 PFU/cell. RNA was
isolated from cells at times shown and qPCR was performed to assess mRNA levels of (A) IFNB7,
(B) IFNLT, and (C) reovirus S7. Dashed line in (C) represents background baseline levels observed
in mock. Data are shown as fold change normalized to a housekeeping gene for duplicate

independent experiments. Error bars = SEM. (D) Levels of IFN-A in cell supernatants were detected

by ELISA. Data are shown as pg/ml of IFN-A for duplicate independent experiments.
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FIG 12. IFN-A does not impact MDA-MB-231 cellular proliferation but activates STATSs. (A)
MDA-MB-231 cells were treated with DMSO, increasing amounts of recombinant human IFN-A,
recombinant human IFN-f, or 1 uM doxorubicin, or infected with r2Reovirus at an MOI of 100
PFU/cell for 1 h and assessed for cell viability at times shown. Data are shown as average mean
fluorescent intensity (MFI) for quadruplicate independent experiments. Error bars = SEM. (B)
MDA-MB-31 were untreated or treated with increasing amounts of recombinant human IFN-A or
IFN-B for 1h. Whole cell lysates were resolved by SDS-PAGE and immunoblotted with antibodies
specific for phosphorylated and total STAT1, STAT2, and GAPDH. Residues recognized by

phosphorylation-specific antibodies are shown in parenthesis.
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I.

Synonymous mutations
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Gene segments R1Reovirus R2Reovirus
L1 N/A N/A
1.2 N/A N/A
L3 G491A (A160T) G491A (A160T)
M1 N/A N/A
M2 N/A N/A
M3 N/A N/A
S1 N/A N/A
S2 G1294A (after coding region) N/A
See table IV
S3 C508A (P161T) A775G (1250V)
A775G (I1250V)
T1170G (after coding region)
S4 G177A (V49]) G177A (V49])

1I.

Non-synonymous mutations

Gene segment rIReovirus r2Reovirus
L1 N/A N/A
L2 N/A A318G
L3 C2059T C2059T
G2062C G2062C
T3550C
M1 T229C T229C
C919T C919T
M2 N/A N/A
M3 N/A N/A
S1 N/A N/A
S2 See table 111 N/A
S3 N/A N/A
S4 N/A N/A
ITII.  Synonymous mutations in r1Reovirus S2 gene segment
Mutation Percentage
G54A 45% A, 55% G
C84T 64% C, 36% T
C87T 64% C, 36% T
A90G 064% A, 36% G

CI1T

65% C, 35% G
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T96G 065% T, 35%G
C108T 64% C, 35% T
T114C 33% C, 66% T
A123G 67% A, 33% G
A537G 57% A, 42% G
T564C 56% T, 44% C
C573T 59% C, 41% T
T834C 09% T, 31% C
C858T 65% C, 35% T
T939C 67% T, 33% C
A945G 55% A, 45% G
A951G 55% A, 45% G
G954T 55% G, 45% T
C972T 49% C,51% T
T981C 51% C, 48% T
T990C 50% C, 50% T
A996G 52% A, 48% G
T997C 49% C,51% T
G1005T 48% G, 52% T
G1011A 51% A, 49% G
A1015C 47% A, 52% C
T1035C 50% C, 49% T
G1044A 45% A, 55% G
G1047A 46% A, 54% G
T1059A 49% A, 51% T
C1062T 52% C, 48% T
C1068T 51% C, 49% T
G1080A 51% A, 49% G
G1107A 51% A, 49% G
G1257A 065% A, 35% G
T1274A 065% A, 35% G
IV. Non-synonymous mutations in r1Reovirus S2 gene segment

Mutation Percentage

G1087A (V3571)

51% A, 49% G

C1174A (H386N)

54% A, 46% C

Table S1. List of Synonymous and Nonsynonymous Mutations in r1Reovirus and r2Reovirus
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Table S2. Data from screening of reovirus infectivity using the NIH Clinical Collection. Data are

shown for two independent experiments (Runs). For each run, reovirus focus forming units (FFU),
number of cells (DAPI), percent infectivity ([FFU/DAPI]*100), and Z-score based on percent
infectivity (Z percent infectivity) were calculated. Z scores for each well were calculated using the
following formula: Z score = (a-b)/c, where a is the percent infectivity (infected cells/number of
cells), b is the median percent infectivity for each plate, and c is the standard deviation of percent
infectivity for each plate. The average Z-score for both runs is also provided (Avg Z % Infectivity).

Name for individual compounds and their PubChem ID numbers are provided.
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Abstract

Triple-negative breast cancer (TNBC) constitutes 12% of all breast cancer and is associated
with worse prognosis compared to other subtypes of breast cancer. Current therapies are limited to
cytotoxic chemotherapy, radiation, and surgery, leaving a need for targeted therapeutics to improve
outcomes for TNBC patients. Mammalian orthoreovirus (reovirus) is a nonenveloped, segmented,
dsRNA virus in the Reoviridae family. Reovirus preferentially kills transformed cells and is in clinical
trials to assess its efficacy against several types of cancer. We previously engineered a reassortant
reovirus, r2Reovirus, that infects TNBC cells more efficiently and induces cell death with faster
kinetics than parental reoviruses. In this study, we sought to understand the mechanisms by which
r2Reovirus induces cell death in TNBC cells. We show that r2Reovirus infection of TNBC cells of a
mesenchymal-stem like (MSL) lineage downregulates the MAPK/ERK pathway and induces non-
conventional cell death that is caspase dependent, but caspase 3-independent. Infection of different
MSL lineage TNBC cells with r2Reovirus results in caspase 3-dependent cell death. We map the
enhanced oncolytic properties of r2Reovirus in TNBC to epistatic interactions between the Type 3
Dearing M2 gene segment and Type 1 Lang genes. These findings suggest that the genetic
composition of the host cell impacts the mechanism of reovirus-induced cell death in TNBC.
Together, our data show that understanding host and virus determinants of cell death can identify
novel properties and interactions between host and viral gene products that can be exploited for the

development of improved viral oncolytics.
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Importance

Triple negative breast cancer (ITNBC) is unresponsive to hormone therapies, leaving patients
afflicted with this disease with limited treatment options. We previously engineered an oncolytic
reovirus (r2Reovirus) with enhanced infective and cytotoxic properties in TNBC cells. However,
how r2Reovirus promotes TNBC cell death is not known. In this study, we show that reassortant
r2Reovirus can promote non-conventional caspase-dependent but caspase 3-independent cell death
and that the mechanism of cell death depends on the genetic composition of the host cell. We also
map the enhanced oncolytic properties of r2Reovirus in TNBC to interactions between a Type 3 M2
gene segment and Type 1 genes. Our data show that understanding the interplay between the host
cell environment and the genetic composition of oncolytic viruses is crucial for the development of

efficacious viral oncolytics.

Introduction

Breast cancer is the leading cause of cancer in women and second leading cause of death by
cancer in women in the United States (https://seer.cancer.gov/). Triple-negative breast cancer
(TNBC) constitutes 10-15% of breast cancer diagnoses, has a higher rate of relapse, and lower
survival after metastasis than other types of breast cancer (1). TNBC is characterized by its lack of
expression of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth
factor receptor 2 (HER-2). These characteristics render TNBC cells unresponsive to hormone
therapies that have been efficacious in treating other types of breast cancer (2, 3).

Mammalian orthoreovirus (reovirus) is a segmented double-stranded RNA (dsRNA) virus in
the Reoviridae family (4). Reovirus has three large (L1, L2, L3), three medium (M1, M2, M3), and four
small (S1, S2, S3, S4) gene segments that encode 8 structural and 3 non-structural proteins (33, 41).

There are three reovirus serotypes (types 1, 2, and 3) determined by the recognition of the S1-
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enconded ol attachment protein by neutralizing antibodies (4, 32). In humans, reovirus infection
usually occurs during childhood, though infection is generally asymptomatic (4-7). Additionally,
reovirus preferentially replicates and kills tumor cells (8-11). Because of these features, a lab adapted
type 3 reovirus is currently in Phase I-11I clinical trials to test its efficacy against a variety of cancers
(https://clinicaltrials.gov). However, little is known about the biology of reovirus infection in
TNBC.

TNBC cells are categorized into subtypes based on their genetic composition (1, 14). Cells in
the mesenchymal stem-like (MSL) subtype, including MDA-MB-231 and MDA-MB-436 cells, are
characterized by enriched expression of genes involved in motility, cellular differentiation, and
growth factor pathways (14, 202-209). The K-Ras G13D and B-Raf G464V B-Raf mutations found
in MDA-MB-231 cells result in an upregulated Ras pathway (122, 123). Constitutively active Ras
mutations have been identified in many human tumors and signaling through Ras increases tumor
cell proliferation and survival in some cancers (118-121). B-Raf regulates the Raf—mitogen-activated
protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) pathway by phosphorylation of
MEK 1/2, which activates the kinase (125). MAPK/ERK signaling promotes cancer cell
proliferation, survival, and metastasis (126). Small-molecule inhibitors that target various steps of the
MAPK/ERK pathway are cutrently in clinical trials to test their efficacy against several cancers
(210).

Activated Ras signaling regulates various aspects of reovirus biology, including virus
uncoating, infectivity, replication, and release from infected cells (10, 11, 24, 110, 112-117).
However, reovirus can also infect and kill cancer cells independent of Ras activation (64, 127-129).
In some cells, reovirus downregulates Ras signaling during infection, inducing programmed cell
death (131). Reovirus can induce cell death by apoptosis, necroptosis, cell cycle arrest or autophagy

(55, 56, 101, 114, 164-174, 211). Reovirus can trigger apoptosis through recognition of viral nucleic
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acid by cellular pattern recognition receptors and subsequent activation of caspase 8, Bid cleavage,
and disruption of the mitochondrial membrane. This results in cytochrome c release, caspase 9
activation, and activation of executioner caspases 3 and 7 (4, 55-58, 101, 164, 165, 168, 170, 180,
184-188). Reovirus can also induce caspase-independent cell death through induction of RIPK3 and
MLKIL-dependent necroptosis (166, 167, 172). The mode of cell death induced by reovirus appears
to be largely dependent on the host cell.

We previously engineered an oncolytic reovirus with enhanced infective and cytotoxic
properties in TNBC (r2Reovirus) (63). Oncolytic r2Reovirus is a reassortant virus with 9 gene
segments from serotype 1 Lang (T'1L) reovirus and a serotype 3 Dearing (T3D) M2 gene segment, as
well as several synonymous and non-synonymous point mutations. Strain-specific differences in
infectivity, replication, and induction of cell death indicate a vital role of specific viral factors in
defining the host cell response and outcome of infection (52-54) (55-59). It is not known how
r2Reovirus promotes TNBC cell death or the contribution of specific viral factors to the enhanced
oncolytic properties of the virus.

In this study, we sought to better understand how reovirus induces programmed cell death
in a subtype of TNBC and the viral factors associated with this phenotype. We show that reassortant
t2Reovirus can promote TNBC cell death by inhibiting MAPK/ERK signaling and inducing a non-
conventional cell death that is caspase dependent, but caspase 3-independent conditional on the
genetic composition of the host cell. These data suggest that the genetic composition of the host cell
can greatly impact the type of cell death induced by reovirus. We also show that the enhanced
oncolytic properties of r2Reovirus in TNBC likely map to the presence of a T3D M2 gene segment
in the context of an otherwise T1L virus. Together, our data show that an improved understanding

of host cell and virus interactions can identify biological properties and interactions between viral
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gene products to better understand how viruses promote cell death and exploited for the

development of improved viral oncolytics.

Results
r2Reovirus impairs MAPK/ERK signaling.

We previously generated a reassortant reovirus with enhanced infective and cytotoxic
properties in TNBC cells (63). The mechanisms through which this virus promotes TNBC cell death
is not known. It is also largely unclear how reoviruses promote TNBC cell death. The MDA-MB-
231 TNBC cell line has an upregulated Ras pathway from mutations in Ras (G13D) and B-Raf
(G464V) (122). To determine the effect of parental reoviruses (T1L and T3D) and r2Reovirus on
MAPK/ERK, MDA-MB-231 cells were infected with mock, T1L, T3D, or r2Reovirus at an MOI of
500 PFU/cell or treated with 10 uM MEK1/2 inhibitor U0126. Whole cell lysates were collected at
0, 1, and 2 days post-infection (dpi) and probed for phosphorylated and total MEK1/2 and
ERK1/2 by immunoblot (Fig. 1A). Infection with T1L and T3D did not affect the levels of
phosphorylated MEK1/2 or ERK1/2 when compated to uninfected cells (mock) at the times tested
(Fig. 1B). In cells infected with r2Reovirus, levels of phospho- and total MEK1/2 and total ERK1/2
were slightly lower than mock and levels of phospho-ERK1/2 were significantly lower at 2 dpi than
mock. These data suggest that infection with r2Reovirus, but not T1L nor T3D, results in
downregulation of MAPK/ERK pathway in these cells.

To determine the effect of inhibiting MAPK/ERK signaling on reovirus-infected MDA-
MB-231 cell viability, cells were treated with increasing concentrations of U0126 for 1 h, adsorbed
with mock, T1L, T3D, or r2Reovirus at an MOI of 100 PFU/cell or 50 uM etoposide as a positive
control, and cell viability was assessed over 6 days (Fig. 2A). Similar to that observed previously (63),

r2Reovirus impaired cell viability with faster kinetics than T1L and T3D did not impact cell viability.
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Treatment of cells with U0126 alone resulted in a dose-dependent cytostatic effect on cell viability,
with cell viability leveling at 2 dpi when treated with 10 mM U0126 (red line). This was expected as
MAPK/ERK signaling is necessary for cell proliferation in these cells (212-218). Treatment with 0.1
uM U0126 had no significant effect on cell viability in the presence or absence of reovirus. Infection
of cells with T3D in addition to U0126 did not significantly impact U0126-induced cytotoxicity.
Infection with T1L in the presence of U0126 enhanced the cytotoxicity kinetics, with infection in
the presence of 5 or 10 mM U0126 having an additive effect on cytotoxicity (Fig. 2B). Similar to that
observed with T1L, Infection of cells with r2Reovirus in the presence of U0126 enhanced the
kinetics of cytotoxicity, with 10 mM U0126 having a significant combinatorial effect on cytotoxicity
induced by the drug and virus alone. These data show that inactivation of MEK-ERK signaling in
MDA-MB-231 cells impairs cellular proliferation without having a cytotoxic effect on cells and that
in the context of infection with T3D, does not promote viral cell killing. While inactivation of this
pathway in the context of infection with T1L or r2Reovirus enhances the cytotoxic effect of the
virus, a statistically significant impairment on cell viability was only observed in the presence of
r2Reovirus and 10 mM U0126. Together, these data show r2Reovirus downregulates MAPK/ERK
signaling and infection with a serotype 1 reovirus in the presence of a MEK inhibitor enhances the

kinetics of viral-mediated cytotoxicity in these cells.

Induction of cell death by r2Reovirus is partially dependent on caspases.

Inhibition of MAPK/ERK signaling can result in the induction of apoptosis (131, 219-222)
and reovirus can induce apoptosis zz vitro and in vivo (4, 55-58, 101, 164, 165, 168, 170, 180, 184-188).
To determine if r2Reovirus induces caspase-dependent cell death in TNBC cells, MDA-MB-231
cells were treated with vehicle (DMSO) or 25 pM pan-caspase inhibitor Q-VD-OPH for 1 h,

infected with mock or r2Reovirus at an MOI of 500 PFU/cell, and assessed for cell death by
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annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) staining over 3 days (Fig. 3A).
Following r2Reovirus infection, 35.43% of infected cells were annexin V+/PI+ by 2 dpi and
49.24% by 3 dpi. Infection in the presence of Q-VD-OPH decreased the percentage of annexin
V+/PI+ cells to 19.09% at 2 dpi and 30.79% by 3 dpi. In etoposide-treated cells, 48.39% of cells
were annexin V+/PI+ by day 2 post treatment and 78.12% by day 3 post treatment. Q-VD-OPH
treatment decreased the percentage of annexin V+/PI+ to 10% by day 2 post treatment and 20% by
day 3 post treatment. Q-VD-OPH also increased the number of annexin V-/PI- cells during
infection or etoposide treatment, especially at 2 dpi. Interestingly, we did not observe a significant
number of annexin V+/PI- cells under any condition tested. These data show that the pan caspase
inhibitor Q-VD-OPH dampens, but does not fully block, r2Reovirus-induced cell death.

To further assess if r2Reovirus is dependent on caspases to promote cell death, MDA-MB-
231 cells were treated with DMSO or 25 uM Q-VD-OPH for 1 h, infected with mock or r2Reovirus
at an MOI of 500 PFU/cell or treated with 50 mM etoposide, and cell viability was assessed over 6
days (Fig. 3B). Infection of cells with r2Reovirus in the presence of Q-VD-OPH significantly
impacted viral-induced cytotoxicity at 4 and 6 dpi, with cell viability over two times greater
compared to infection in the absence of the drug. These data show that inhibition of caspase activity

results in a significant, but not total, reduction of viral-mediated cell death.

Reovirus does not affect mitochondrial permeability during infection of MDA-MB-231 cells.

Reovirus can induce extrinsic and intrinsic apoptosis (4, 55-58, 101, 164, 165, 168, 170, 180,
184-188). During intrinsic apoptosis, mitochondrial membrane permeabilization leads to loss of
mitochondrial transmembrane potential, and release of cytochrome c into the cytoplasm (188, 223-
220). To assess if reovirus infection of MDA-MB-231 cells impacts mitochondrial membrane

potential, cells were infected with mock, T1L, T3D or r2Reovirus at an MOI of 500 PFU/cell or
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treated with DMSO or 50 uM etoposide and analyzed by flow cytometry over a 3 day time course of
infection using tetramethylrhodamine, ethyl ester (TMRE), a positively-charged dye that accumulates
in the mitochondria (Fig. 4A). Infection with T1L or T3D did not significantly affect mitochondrial
membrane potential at any of the times tested, while infection with r2Reovirus slightly reduced
mitochondrial membrane potential at 3 dpi. Treatment with etoposide significantly reduced
mitochondrial membrane permeabilization at all times tested, with stark changes at days 2 and 3 post
treatment. These results suggest reovirus induces cell death in MDA-MB-231 cells without major
disruption of the mitochondrial membrane.

Cytochrome c release from the mitochondria is a key event that can lead to apoptosome
formation and subsequent caspase 3 activation. It is possible for cytochrome c to be released from
the mitochondria without impacting mitochondrial membrane integrity (227-229). To determine if

cytochrome c is released following reovirus infection of MDA-MB-231 cells, cells were infected with
mock, T1L, T3D, or r2Reovirus at an MOI of 500 PFU/ml or treated with 50 pM etoposide and

assessed for intracellular localization of cytochrome ¢ (green), mitochondria (red), or reovirus
antigen (blue) by confocal microscopy at 3 dpi (Fig. 4B). In uninfected cells, cytochrome c largely
co-localized with mitochondria. In etoposide-treated cells, cytochrome c localized to areas
surrounding swollen mitochondria. In cells infected with T1L, T3D, and r2Reovirus, cytochrome ¢
largely co-localized with mitochondria with no observable swollen mitochondria. These data indicate
that during reovirus infection of MDA-MB-231 cells, cytochrome ¢ remains largely associated with
mitochondria. Together with TMRE data, these results show that reovirus induces MDA-MB-231
cell death independent of disruption of mitochondrial membrane potential and cytochrome ¢

release.



91

Infection with serotype 1 reoviruses increases caspase 9 activity.

We next assessed the activation status of caspase 9, a component of the apoptosome that
can be activated independent of cytochrome c release in a caspase 8-dependent manner (184, 230).
MDA-MB-231 cells were adsorbed with mock, T1L, T3D or r2Reovirus at an MOI of 500 PFU/cell
ot treated with DMSO or 50 uM etoposide for 1 h, and assessed for caspase 9 activity over a 3 day
time course of infection (Fig. 5A). Infection with T1L and r2Reovirus significantly induced caspase
9 activation, with caspase 9 activity levels increasing by 2 dpi and reaching up to 2-fold over mock
by 3 dpi. Infection with T3D and treatment with etoposide did not impact caspase 9 activation at

the times tested. To measure the requirement of caspase 9 activity in r2Reovirus-mediated cell death

of MDA-MB-231 cells, cells were treated with DMSO, 25 uM caspase 9 inhibitor z-LEHD-fmk, or

25 uM Q-VD-OPH for 1 h, infected with mock or r2Reovirus at an MOI of 500 PFU/cell or
treated with 10 mM doxorubicin, and assessed for cell viability over 6 days (Fig. 5B). As observed
previously, treatment of cells with the pan-caspase inhibitor (Q-VD-OPH) partially blocked
reovirus-induced cytotoxicity. Treatment of cells with the caspase 9 inhibitor (z-LEHD-fmk)
reduced virus-induced cytotoxicity, albeit not to the same extent as the pan-caspase inhibitor.
Together these data show that although infection with T1L and r2Reovirus does not affect
mitochondrial membrane potential or promote release of cytochrome c, infection promotes caspase
9 activation. These data also show that although activation of caspase 9 is not solely responsible for
viral-mediated cytotoxicity in MDA-MB-231 cells, caspase 9 activation is necessary for the full

cytotoxic effects of serotype 1 infection in these cells.

r2Reovirus blocks caspase 3/7 activity in a replication-dependent manner.
Caspase 9 activates caspase 3 and 7 during intrinsic apoptosis (231-233). To determine if

caspase 3 is activated during reovirus infection of MDA-MB-231 cells, cells were infected with
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mock, T1L, T3D or r2Reovirus at an MOI of 500 PFU/cell or treated with 50 pM etoposide, and
caspase 3/7 activity was assessed over a 3 day time course of infection (Fig. 6A). Caspase 3/7
activity was not observed in MDA-MB-231 cells infected with mock, T1L, T3D, or r2Reovirus
during the times tested. Caspase 3/7 activity was also not observed in cells infected with T1L, T3D,
or r2Reovirus at days 4-6 post-infection (data not shown). Treatment of cells with etoposide induced
robust caspase 3/7 activity by day 2 post treatment. These data show that etoposide can activate
caspase 3 in MDA-MB-231 cells, although in a caspase 9-independent manner. Interestingly,
infection with T1L or r2Reovirus does not lead to activation of caspase 3 despite robust caspase 9
activation. These data also show that in MDA-MB-231 cells caspase 3 can be activated.

To determine if reovirus can impact the activation of caspases 3 and 7, MDA-MB-231 cells
were infected with mock, T1L, T3D, or r2Reovirus for 1 day, treated with DMSO or 50 uM
etoposide, and assessed for caspase 3/7 activity 2 days post etoposide treatment (Fig. 6B). As
previously seen, infection with reovirus did not induce caspase 3/7 activity, whereas etoposide
treatment resulted in robust caspase 3/7 activation. Infection of cells with T1L or T3D prior to
etoposide treatment did not significantly affect etoposide-induced activation of caspase 3/7. In
contrast, infection with r2Reovirus prior to etoposide treatment fully blocked etoposide-induced
caspase 3/7 activation. To determine if the ability of r2Reovirus to impair etoposide-induced
caspase 3/7 activation is dependent on viral replication, MDA-MB-231 cells were infected with
mock or UV-inactivated T1L, T3D, or r2Reovirus one day prior to etoposide treatment, and caspase
3/7 activity was assessed 2 days post etoposide treatment (Fig. 6C). In contrast to that observed
with replicating virus, infection of cells with UV-inactivated T1L, T3D, or r2Reovirus did not affect
etoposide-induced caspase 3/7 activation. Interestingly, infection with UV-inactivated T1L, T3D,

and r2Reovirus resulted in a small, but consistent activation of caspase 3/7 compared to uninfected
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cells. These results indicate that r2Reovirus blocks etoposide-induced caspase 3/7 activation in

MDA-MB-231 cells in a replication-dependent manner.

PARP-1 cleavage during reovirus infection results in a cleavage fragment that does not
correspond to caspase 3 proteolysis.

Poly (ADP-ribose) polymerase (PARP-1) is involved in many cellular processes, including
DNA repair, genomic stability, and programmed cell death (234-237). During apoptosis, PARP-1 is
cleaved into an 89 kDa fragment by caspase 3 (189) (238-240). PARP-1 can also be cleaved by
various proteases during non-apoptotic cell death (189). To assess if PARP-1 is cleaved during
reovirus-infection of MDA-MB-231 cells, cells were infected with mock, T1L, T3D or r2Reovirus at
an MOI of 500 PFU/cell or treated with 50 uM etoposide, and whole cell lysates were collected at 0,
1, and 2 dpi. Lysates were resolved by SDS-PAGE and immunoblotted with antisera specific for
PARP-1, reovirus, and tubulin (Fig. 7). Etoposide treatment resulted in an 89 kDa PARP-1 cleavage
fragment at day 2 post treatment, consistent with etoposide activation of caspase 3. In contrast,
infection with T1L and r2Reovirus resulted in a 70 kDa PARP-1 cleavage fragment while infection
with T3D, which does not impair MDA-MB-231 cell viability, did not result in PARP-1 proteolysis.
Treatment with caspase 3 inhibitor (Q-VD-OPH) did not reduce PARP-1 cleavage following
reovirus infection (data not shown). Calpains, cathepsins, granzyme A and B, and matrix
metalloprotease 2 (MMP-2) can proteolytically cleave PARP into fragments of the molecular weight

observed during reovirus infection (189). These data suggest that during T1L and r2Reovirus

infection of MDA-MB-231 cells PARP-1 is cleaved by a protease other than caspase 3.
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Reovirus infection of MDA-MB-436 cells promotes caspase 3/7 activation and cell death.
r2Reovirus induces cell death with enhanced kinetics in TNBC cells, including MDA-MB-
4306 cells, a mesenchymal-stem like (MSL) subtype TNBC cell line with different mutations than
MDA-MB-231 cells (14, 63). To assess if host heterogeneity affects the mode of cell death induced
by reovirus, r2Reovirus oncolysis was tested in MDA-MB-436 cells. To determine if reovirus cell
death induction is caspase dependent, MDA-MB-436 cells were treated with DMSO or 25 uM pan-
caspase inhibitor Q-VD-OPH for 1 h, infected with mock or r2Reovirus at an MOI of 500
PFU/cell or treated with 50 uM etoposide, and assessed for cell viability over 6 days (Fig. 8A).
Infection with r2Reovirus impaired MDA-MB-436 cell viability, with significant cytotoxicity
observed by day 4 pi. Treatment of cells with Q-VD-OPH significantly reduced reovirus-mediated
cytotoxicity, although cell viability levels were not fully restored to those observed in mock. To
determine if r2Reovirus infection of MDA-MB-436 cells impacts mitochondrial membrane
potential, cells were infected with mock or r2Reovirus or treated with DMSO or 50 pM etoposide,
and assessed for TMRE levels by flow cytometry over 3 days (Fig. 8B). At 2 and 3 dpi, there is a
significant decrease in mitochondrial membrane potential in r2Reovirus-infected cells, and to a lesser
degree in etoposide-treated cells. To assess if r2Reovirus infection of MDA-MB-436 cells promotes
caspase 3/7 activation, cells were infected with mock or r2Reovirus for at an MOI of 500 PFU/cell
or treated with DMSO or 50 uM etoposide, and caspase 3/7 activity was assessed over 3 days (Fig.
8C). In contrast to that observed in MDA-MB-231 cells, r2Reovirus infection induced significant
caspase 3/7 activation by 1 dpi, with sustained activation over the times tested. Etoposide induced a
slight increase in caspase 3/7 activation, but to a lesser degree than reovirus, mirroring that observed
by cell viability and TMRE staining. These results show r2Reovirus infection of MDA-MB-436 cells
robustly distupts the mitochondrial membrane and promotes caspase 3/7 activation. These data also

show etoposide is not as effective at inducing cell death in MDA-MB-436 cells compared to MDA-
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MB-231 cells. Together, these data show that the mechanism of cell death induced by r2Reovirus is

host cell context-dependent and independent of the ability of the virus to activate caspase 3.

Enhanced r2Reovirus oncolysis maps to the T3D M2 gene segment.

The reassortant r2Reovirus is composed of 9 T1L gene segments and an M2 gene segment
from T3D in addition to several synonymous and non-synonymous point mutations (63). To
determine the contribution of the M2 gene segment to r2Reovirus oncolysis in TNBC cells,
reoviruses were engineered by reverse genetics with T1L and T3D M2 gene segment swaps in
otherwise isogenic backgrounds (52, 56, 96, 99). To confirm the presence of swapped M2 gene
segments, the genetic composition of parental T1L and T3D reoviruses, r2Reovirus, and T1L-T3M2
and T3D-T1M2 was assessed by SDS-gel electrophoresis (Fig. 9A). The electromobility of the
reovirus gene segments confirmed that T1L and T3D-T1M2 contain a T1L M2 gene segment,
whereas T3D, r2Reovirus, and T1L-T3M2 contain a T3D M2 gene segment (asterisks).

To assess the role of the M2 gene segment in reovirus-induced cytotoxicity of TNBC cells,

MDA-MB-231 (Fig. 9B) and MDA-MB-436 cells (Fig. 9C) were infected with mock, T1L, T3D,

T1L-T3M2, T3D-T1M2, or r2Reovirus at an MOI of 500 PFU/cell or treated with DMSO, 50 uM

etoposide (MDA-MB-231), or 1 pM staurosporine (MDA-MB-4306), and assessed for cell viability
over 6 days. In both cell lines, T1L-T3M2 impaired cell viability with similar kinetics as r2Reovirus
and with faster kinetics than T1L, especially in MDA-MB-436 cells. In contrast, T3D-T1M2 and
T3D did not significantly impact cell viability in either MDA-MB-231 or MDA-MB-436 cells. To
assess if cytopathic differences observed with the recombinant viruses were a result of differences in
infectivity, MDA-MB-231 cells were infected with mock, T1L, T3D, T1L-T3M2 or T3D-T1M2.
T1L-T3M2 infected MDA-MB-231 cells at a slightly higher rate than T1L and T3D, while T3D-

T1M2 had slightly diminished infectivity when compared to the parental viruses (data not shown).



96

These data indicate that the T3D M2 gene segment is sufficient to enhance the cytotoxic properties
of an otherwise T1L virus, without significant impact on infectivity. These data also indicate that the
enhanced cytotoxic properties of r2Reovirus map to the T3D M2 gene segment and that mutations
found in r2Reovirus likely have little or no effect on the virus’ enhanced oncolysis. Further, the
addition of the T1L M2 gene segment to an otherwise T3D virus does not affect the infective or
cytopathic properties of the virus. Additionally, even though r2Reovirus induces cell death by
different modes in MDA-MB-231 and MDA-MB-436 cells, enhanced cell death induction by the
reassortant virus maps to the same viral factor in both cell lines.

To determine if the M2 gene segment impacts the activation of caspase 3/7 following
etoposide treatment, MDA-MB-231 cells were infected with mock, T1L, T3D, T1L-T3M2, T3D-
T1M2, or r2Reovirus at an MOI of 500 PFU/cell for 1 day, treated with DMSO or 50 pM
etoposide, and assessed for caspase 3/7 activity 2 days post etoposide treatment (Fig. 9D). As
observed previously, infection with all the reoviruses tested did not induce caspase 3/7 activation
and treatment of cells with etoposide resulted in robust activation of caspase 3/7. Infection with
T1L-T3M2 or r2Reovirus prior to etoposide treatment robustly impaired caspase 3/7 activation.
Conversely, infection with T1L, T3D, or T3D-T1M2 did not impact etoposide-induced caspase 3/7
activation. These results indicate that the ability for r2Reovirus to block etoposide-induced caspase

3/7 activation maps to the T3D M2 gene segment.

Discussion

Reassortant r2Reovirus infects TNBC cells more efficiently and induces cell death with
enhanced kinetics when compared to prototypic strains of reovirus, including the oncolytic reovirus
currently in clinical trials. r2Reovirus was obtained from co-infection of MDA-MB-231 cells with

T1L, Type 2 Jones (T2]), and T3D followed by serial passaging. r2Reovirus has 9 gene segments
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from T1L, an M2 gene segment from T3D, and several synonymous and non-synonymous point
mutations (63). In this study, we sought to better understand how r2Reovirus, and reoviruses in
general, promote TNBC cell death. We focused on MDA-MB-231 cells, a TNBC cell line belonging
to the MSL subtype (14). There are limited treatment options against TNBC and the MSL subtype is
associated with enrichment of genes involved in cell motility, cellular differentiation, and growth
factor signaling pathways (1-3, 14). MDA-MB-231 cells have mutations in BRAF, CDKN2.A4, KRAS,
NF2, TP53, and PDGFRA genes (14). Mutations in BRAF (G464V) and KRAS (G13D) result in
constitutive activation of MAPK/ERK signaling, promoting survival, proliferation, cell cycle
progression, and cell growth (122, 241). Constitutive activation of MAP/ERK is found in several
cancers (119-122, 241-244). Constitutive Ras activation can enhance reovirus oncolysis by affecting
multiple steps of the viral replication cycle, including enhancing virus uncoating and disassembly,
negative regulation of retinoic acid-inducible gene I (RIG-I) signaling and impairing PKR activation,
increasing progeny, and enhancing viral spread (24, 117, 245). In some cells, reovirus
downregulation of MAP/ERK results in induction of apoptosis (131). In the context of MDA-MB-
231 cells, r2Reovirus, but not T1L or T3D, decteased activation of MAPK/ERK signaling. The
observed downregulation of MEK 1/2 and ERK 1/2 activation suggests r2Reovirus inhibits this
pathway by either directly targeting MEK 1/2 or upstream of MEK 1/2 on Ras and B-Raf, or B-Raf
alone. The combination of r2Reovirus and MEK inhibitor U0126 resulted in increased cell death
compared to inhibitor or virus alone, highlighting the importance of this pathway in serotype 1
reovirus-mediated cell killing of TNBC cells. The lack of enhancement of cell death by U0126 when
combined with T3D suggests that downregulation of MAPK/ERK signaling is not sufficient to
promote virus killing.

Downtegulation of MAPK/ERK signaling can lead to apoptosis and reovirus can induce

programmed cell death by intrinsic and extrinsic apoptosis or necroptosis (55, 56, 101, 114, 131,



98

164-172). We did not observe an effect on r2Reovirus-induced cell death in the presence of a RIPK3
inhibitor (data not shown), suggesting that reovirus does not promote TNBC cell death by
necroptosis. Infection of MDA-MB-231 and MDA-MB-436 cells in the presence of a pan-caspase
inhibitor resulted in a significant, but not complete, reduction of virus-mediated cytotoxicity,
indicating the need for caspases to promote cell death. During reovirus-induced apoptosis, caspase
8-cleaved Bid translocates to mitochondria, cytochrome c is released following mitochondrial
membrane permeabilization, resulting in caspase 9 and caspase 3 activation (4, 55-58, 101, 164, 165,
168, 170, 180, 184-188). In MDA-MB-231 cells, etoposide treatment disrupted mitochondrial
membrane potential and promoted cytochrome c release from mitochondria. In reovirus-infected
MDA-MB-231 cells, the mitochondrial membrane was largely unaffected and cytochrome ¢ was not
released. Despite the lack of disruption of the mitochondrial membrane during reovirus infection,
caspase 9 was significantly activated during infection with T1L and r2Reovirus. Caspase 9 can be
activated in a cytochrome c-independent manner via caspase 8-activation of caspase 3, which in turn
cleaves and activates caspase 9 (184, 230). These results indicate that at least in the context of MDA-
MB-231 cells, caspase 9 activation is a property of serotype 1 reoviruses, but not serotype 3
reoviruses. The lack of activation of caspase 3 during reovirus infection suggests a novel mechanism
for caspase 9 activation, with the possibility of a viral protein directly activating caspase 9. These
findings suggest that in MDA-MB-231 cells, reovirus promotes programmed cell death through a
non-canonical pathway.

Activation of caspase 9 can subsequently activate caspase 3 and caspase 7 (231-233). In
reovirus-infected MDA-MB-231 cells, caspase 3/7 activity was not observed. Reovirus infection can

result in secretion of tumor necrosis factor (TNF)-associated death-inducing ligand (TRAIL),
activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB), and induction

of apoptosis (164, 171, 180). There are conflicting data on secretion and sensitivity to TRAIL in



99

MDA-MB-231 cells (246-251). It is possible the lack of effects on the mitochondrial membrane
during reovirus infection are linked to MDA-MB-231 cells being insensitive to TRAIL. However, we
also observed that r2Reovirus blocks caspase 3/7 activation following etoposide treatment and that
this effect is dependent on viral replication.

We show that the ability of r2Reovirus to block caspase 3/7 activation maps to the T3D M2
gene segment. Interestingly, this phenotype is only observed when the T3D M2 gene segment is
expressed in the context of T1L, as infection with T3D did not block caspase 3/7 activation. This
suggests an epistatic effect of T3D M2 with a T1L-encoded gene. Expression of the T3D-M2 gene
segment in the context of an otherwise T1L virus also promoted cell death of MDA-MB-231 and
MDA-MB-436 cells with similar kinetics as r2Reovirus and faster kinetics compared to T1L. These
data suggest the enhanced cytopathic effects of r2Reovirus in TNBC cells is largely linked to the
expression of the T3D M2 gene segment in the context of an otherwise T1L virus, with the point
mutations present in r2Reovirus having little or no effect on enhanced oncolysis. T1L-T3M2
reovirus has enhanced attachment and infectivity in 1.929 and Hel.a cells likely due to an interaction
between the T3D M2 gene encoded pl protein and the T1L attachment protein o1 (99). In various
cells, the ST and M2 genes are also key factors in reovirus-induced inhibition of cellular DNA
synthesis and programmed cell death (55, 57))(58, 101, 102). Though not significant, T1L-T3M2
infected MDA-MB-231 cells at a slightly higher rate than T1L, while T3D-T1M2 showed diminished
infectivity when compared to T3D (data not shown). It is possible that in TNBC cells, the
interaction between T3D m1 and T1L s1 promote enhanced oncolysis. These findings further
highlight the epistatic effects of reovirus genes in various aspects of reovirus biology.

Several viruses exploit host cell caspases, including caspase 3, to promote viral replication
(252-255). Avian reovirus utilizes caspase 3 to proteolytically process viral nonstructural protein

uNS, which is involved in the formation of viral factories (256). Mammalian reovirus recruits host
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proteins to viral factories, including cytoskeletal elements, cellular chaperones, intrinsic immune
system proteins, as well as the endoplasmic reticulum (ER) and ER-Golgi intermediate compartment
(80, 257-260). It is possible reovirus recruits caspase 3 to viral factories to aid in a step in the
replication cycle. Viral protein synthesis and expression of m1 is required to block necroptosis in
1929 cells (172). While we did not observe induction of necroptosis in TNBC cells (data not
shown), it is possible that newly synthesized m1 in conjunction with a T1L gene product blocks
caspase 3/7 activation, which results in unconventional cell death in these cells.

During programmed cell death, PARP-1 can be proteolytically cleaved by various proteases
(189). As such, PARP-1 cleavage is commonly used as a downstream marker of programmed cell
death. Etoposide treatment of MDA-MB-231 cells resulted in an 89 kDa cleaved PARP-1 fragment
that is characteristic of caspase 3 cleavage during apoptotic cell death (189, 261) (238-240).
Infection with T3D did not result in PARP-1 proteolytic cleavage, which concurs with T3D not
promoting cytopathic effects during infection of MDA-MB-231 cells. Infection with T1L or
r2Reovirus resulted in a 70 kDa cleaved PARP-1 fragment. Proteases, including calpains, cathepsins,
E64-d, Granzyme A and B, and MMP-2 can proteolytically cleave PARP into cleavage fragments of
this molecular weight (189). Infection in the presence of a calpain inhibitor blocked PARP-1
cleavage, but the calpain inhibitor also blocked infectivity (data not shown). In addition, treatment
with caspase 3 inhibitor did not result in reduced PARP-1 cleavage (data not shown). These results
suggest proteolysis of PARP-1 during T1L and r2Reovirus infection is mediated by an enzyme other
than caspase 3. These data further suggest that serotype 1 reoviruses promote caspase 3-independent
programmed cell death in MDA-MB-231 cells.

The mechanism by which r2Reovirus promotes cell death of another TNBC cell line, MDA-
MB-4306, was assessed to better understand how host cell heterogeneity impacts virus induced cell

death. MDA-MB-436 cells have mutated BRCA7 and TP53 genes, and BRAF and KRAS do not
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have mutations, creating a different cellular environment compared to MDA-MB-231 cells (14). In
contrast to that observed in MDA-MB-231 cells, r2Reovirus infection of MDA-MB-436 cells
decreases mitochondrial membrane potential and increases caspase 3/7 activity, suggestive of
canonical apoptosis. These data suggest that although both TNBC cell lines are more susceptible to
r2Reovirus-mediated cell death than parental reoviruses, infection promotes different types of cell
death in each cell line. These results suggest that the host cell environment plays a key role in the
type of cell death promoted following reovirus infection and that the type of cell death induced by
the virus can be independent of the viral genetic composition.

In conclusion, this study identifies a non-conventional virus-induced cell death mechanism
in TNBC cells driven by a reassortant oncolytic reovirus. We further map the enhanced cytopathic
properties of this reassortant reovirus in TNBC cells to an epistatic effect of the T3D M2 gene with
a T1L viral gene product. Better understanding of the interplay between the genetic composition of
oncolytic viruses and the host cell environment is crucial for the development of improved

reoviruses for oncolytic therapy.

Materials and Methods
Cells, viruses, and antibodies

MDA-MB-231 cells (gift from Jennifer Pietenpol, Vanderbilt University) and MDA-MB-436
cells (ATCC® HTB-130") were grown in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) (Life Technologies), 100 U per ml penicillin and
streptomycin (Life Technologies). Spinner-adapted 1.929 cells (gift from Terry Dermody, University
of Pittsburgh) were grown in Joklik’s modified minimal essential medium (MEM) with 5% FBS, 2
mM L-glutamine (Life Technologies), penicillin and streptomycin, and 0.25 mg per ml amphotericin

B (Life Technologies).
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Reovirus strains Type 1 Lang (T1L) and Type 3 Dearing (T3D) working stocks were
prepared following rescue with reovirus cDNAs in BHK-T7 cells (gift from Terry Dermody,
University of Pittsburgh), followed by plaque purification, and passage in 1.929 cells (95). r2Reovirus
is a reassortant strain obtained from co-infection of MDA-MB-231 cells with T1L, T2], and T3D
reovirus strains followed by serial passage in these cells. (63). T1L-T3M2 and T3D-T1M2 (gift from
Pranav Danthi, Indiana University (262)) were obtained through reovirus reverse genetics (95).
Puritied virions were prepared using second-passage 1.929 cell lysate stocks. Virus was purified from
infected cell lysates by Vertrel XF (TMC Industries Inc.) extraction and CsCl gradient centrifugation
as described (263). The band corresponding to the density of reovirus particles (1.36 g/cm’) was
collected and dialyzed exhaustively against virion storage buffer (150 mM NaCl, 15 mM MgCI2, 10
mM Tris-HCI [pH 7.4]). Reovirus particle concentration was determined from the equivalence of 1
unit of optical density at 260 nm to 2.1x10" particles (264). Viral titers were determined by plaque
assay using 1.929 cells (265, 260).

Reovirus polyclonal rabbit antiserum raised against reovirus strains T1L and T3D was
purified as described (267) and cross-adsorbed for MDA-MB-231 cells. Secondary IRDye 680 and
800 antibodies (LI-COR Biosciences) and goat anti-rabbit Alexa Fluor 405 (A405) (Life

Technologies).

Immunoblotting to assess activation of MAPK/ERK signaling and proteins involved in
apoptosis pathway

MDA-MB-231 cells and MDA-MB-436 cells were adsorbed with T1L, T3D, and r2Reovirus
at an MOI of 500 PFU/cell for 1 h at room temperatute or treated with DMSO or 10 pM U0126,
washed with PBS, and incubated for 0-2 days at 37°C. Whole cell lysates were prepared using RIPA

buffer (20 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% sodium dodecyl
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sulfate, 0.1% sodium deoxycholate) and fresh Protease Inhibitor Cocktail (P8340, Sigma-Aldrich),
Phosphatase Inhibitor Cocktail 2 (P5726, Sigma-Aldrich), 1 mM sodium vanadate, and 1 mM
phenylmethylsulfonyl fluoride (PMSF) and collected at times shown. Protein concentration was
determined using the DC protein assay (Bio-Rad), measuring absorbance at 695nm in a Synergy HT
or Synergy H1 Plate Reader (Biotek). Whole cell lysates were resolved by SDS-PAGE in 4-20%
gradient Mini-PROTEAN TGX gels (Bio-Rad) and transferred to 0.2 um pore size nitrocellulose
membranes (Bio-Rad). Membranes were incubated for 1 h in blocking buffer (Ttis-buffered saline
[TBS] with 5% powdered milk), incubated with primary antibodies specific for phospho—ERK 1/2
(Thr202/Tyr204, #9101) and -MEK 1/2 (Ser217/221, clone 41G9, #9154), total ERK 1/2 (#9102)
and MEK (#9122), PARP (clone 46D11, #9532), caspase 3 (clone D3R0Y, #14220), reovirus
polyclonal antiserum, and a-tubulin (clone DM1A, #3873) overnight at 4°C. Antibodies are from
Cell Signaling Technology. Membranes were washed with TBS-T (TBS with 0.1% Tween 20) and
incubated with secondary antibodies conjugated to IRDye 680 or IRDye 800 (LI-COR Biosciences).
Membranes were imaged using a LiCor Odyssey CLx. Images were processed and band density

measured in ImageStudio (LI-COR Biosciences).

Cell viability assay

Metabolic activity was used as a measurement of cell viability by using Presto Blue reagent
(Invitrogen). MDA-MB-231 and MDA-MB-436 cells were untreated or treated with DMSO,
increasing concentrations of MEK1/2 inhibitor U0126 or 25 uM pan-caspase inhibitor Q-VD-OPH
for 1 h at room temperature and adsorbed with reovirus at an MOI of 500 PFU/cell for 1 h at room
temperature or treated with 50 pM etoposide. Cells were washed with PBS and incubated for 0-6
days at 37°C in the absence or presence of DMSO, U0126 or Q-VD-OPH. Presto Blue (Thermo

Fisher Scientific) was added at each time point for 30 min at 37°C and fluorescence (540 nm
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excitation/590 nm emission) was measured using black 96-well plates with clear bottom (Corning,

3904) with a Synergy HT or Synergy H1 plate reader (Biotek).

Flow cytometric analysis of reovirus cell death

Cell viability was assessed by measuring FITC-labeled Annexin V (BioVision) (525/40 nm)
and propidium iodide (690/50 nm) fluorescence using flow cytometry. MDA-MB-231 cells were
pretreated with vehicle (DMSO) or 25 uM pan-caspase inhibitor Q-VD-OPH for 1 h at room
temperature priot to being adsorbed with T1L, T3D, and r2Reovirus at an MOI of 500 PFU/cell for
1 h at room temperature or treated with 50 pM etoposide, washed with PBS, and incubated for 1-3
days at 37°C in the presence of DMSO or Q-VD-OPH. Cells were collected at each time point and
resuspended in Annexin Cocktail (1X Annexin Buffer [10 mM HEPES, 0.14 M NaCl, and 2.5 mM
CaCl, in water], Annexin V-FITC, and propidium iodide). Mean fluorescence intensity (MFI) was
assessed using a CytoFLEX flow cytometer (Beckman Coulter) and quantified using FlowJo

software (BD Biosciences).

Flow cytometric analysis of mitochondrial membrane potential

Mitochondrial membrane potential was measured by using tetramethylrhodamine, ethyl ester
(TMRE) (Abcam). MDA-MB-231 and MDA-MB-436 cells were adsorbed with reovirus at an MOI
of 500 PFU/cell or treated with 50 uM etoposide for 1 h at room temperature, washed with PBS,
and incubated at 37°C for 1-3 days post-infection. Cells were stained with 100 nM TMRE at 37°C
for 1 h at each time point. Cells were collected and resuspended in PBS containing 2% FBS. MFI
was assessed using a CytoFLEX flow cytometer (Beckman Coulter) and quantified using Flow]o

software (BD Biosciences).
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Confocal microscopy to assess cytochrome c intracellular localization

MDA-MB-231 cells plated on #1.5 glass coverslips were adsorbed with T1L, T3D or
r2Reovirus at an MOI of 100 PFU/cell or treated with 50 uM etoposide for 1 h at room
temperature, washed with PBS, and incubated at 37°C for 0-4 days post-infection. At each time
point, cells were collected and incubated with media containing 300 nM MitoTracker Red-CMX Ros
(Thermo Fisher) for 1 h at 37°C. Stained cells were fixed with 4% paraformaldehyde (PFA) in PBS
for 20 min at room temperature. PFA was quenched with equal volume of 0.1 M glycine, cells were
washed with PBS and stored at 4°C. Cells were treated with 0.1% Triton X100 and washed with
PBS-BGT (PBS/0.5% BSA/0.1% Glycine/0.05% Tween 20), incubated with reovirus polyclonal
antiserum for 1 h at room temperature, and washed with PBS-BGT. Cells were incubated with
secondary antibody (Alexa 405, Thermo Fisher Scientific) and AlexaFluor488-conjugated
cytochrome C monoclonal antibody (BD Pharmingen, cat. 560263), washed with PBS-BGT and
mounted on coverslips with Aqua Poly/Mount (Polysciences Inc.). Cells were imaged by confocal
microscopy using Olympus IX81 laser-scanning confocal microscope using a PlanApo N 60X oil
objective with a 1.42 numerical aperture (NA). Pinhole size was the same for all fluorophores. Single
sections of 0.44 pum thickness from a Z-stack are presented. Whole images were only adjusted for

brightness and contrast.

Measuring caspase 9 activity

Caspase 9 activity was measured by using Caspase-9 Colorimetric Assay Kit (Biovision).
MDA-MB-231 cells were adsorbed with T1L, T3D, and r2Reovirus at an MOI of 500 PFU/cell for
1 h at room temperature or treated with 50 pM etoposide, washed with PBS, and incubated for 1-3

days at 37°C. Caspase 9 activity was measured at each time point using manufacturer’s instructions
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and reading absorbance in a clear 96-well plate (Greiner) with a Synergy HT or Synergy H1 plate

reader (Biotek).

Measuring caspase 3/7 activity

Caspase 3/7 activity was measured by using Caspase Glo reagent (Promega). MDA-MB-231
and MDA-MB-436 cells were adsorbed with reovirus at an MOI of 500 PFU/cell for 1 h at room
temperature or treated with 50 pM etoposide, washed with PBS, and incubated for 1-3 days at 37°C.
Alternatively, MDA-MB-231 cells were adsorbed with reovirus at an MOI of 500 PFU/cell for 1 h
at room temperature, washed with PBS, incubated at 37°C, and treated with 50 pM etoposide 1 day
post-infection. Caspase 3/7 activity was measured at each time point by incubating cells in equal
amounts of Caspase Glo solution and cell media for 30 min at RT and reading luminescence in a

white 96-well plate (Greiner) with a Synergy HT or Synergy H1 plate reader (Biotek).

Electrophoretic mobility of reovirus

5 x 10" patticles of purified reovirus were mixed with 2x SDS sample buffer (20% glycerol,
100mM Tris-HCI [pH 6.8], 0.4% SDS, and 3 mg bromophenol blue) and separated by SDS-PAGE
using 4-to-20% gradient polyacrylamide gels (Bio-Rad Laboratories) at 10 mAmps for 16 h. The gel
was stained with 5 pg/ml ethidium bromide for 20 min and imaged using the ChemiDoc XRS+

system (Bio-Rad).

Statistical analysis
Mean values for independent experiments were compared using one or two-way analysis of variance
(ANOVA) with Tukey’s or Dunnett’s multiple-comparison test (Graph Pad Prism). P values of <

0.05 were considered statistically significant.
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FIG 1. r2Reovirus downregulates MAPK/ERK signaling. MDA-MB-231 cells were adsorbed with

mock, T1L, T3D, or r2Reovirus (r2Reo) at an MOI of 500 PFU/cell or treated with 10 pM U0126

for 1 h. A) Whole cell lysates were collected at 0-2 dpi, resolved by SDS-PAGE, and immunoblotted

with antibodies specific for phosphorylated and total MEK and ERK, reovirus, and tubulin.

Representative data of independent experiments shown. B) Quantitation of band intensity from five

independent experiments for phosphorylated MEK (p-MEK) and total MEK and nine independent

experiments for phosphorylated ERK (p-ERK) and total ERK and SEM. Data are normalized to

mock. *, P < 0.002; **, P < 0.0001 in comparison to mock at each time point, as determined by two-

way ANOVA with Tukey's multiple-comparison test.
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FIG 2. Inhibition of MEK activity increases cytotoxicity induced by T1L and r2Reovirus. MDA-

MB-231 cells were treated for 1 h with vehicle (DMSO) or increasing concentrations of U0126 and

adsorbed with mock, T1L, T3D or r2Reovirus at an MOI of 100 PFU/ml or treated with 50 pM

etoposide for 1 h. A) Cell viability was assessed at times shown. Results are presented as mean

fluorescence intensity (MFI) and SEM for three independent experiments. B) Cell viability for data

shown in A for day 4 pi. ¥, P < 0.04; **, P = 0.001; ***, P < 0.005 in comparison to virus alone, as

determined by two-way ANOVA with Tukey's multiple-comparison test.
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FIG 3. r2Reovirus induced cell death is partially dependent on caspases. MDA-MB-231 cells were
treated for 1 h with vehicle (DMSO) or 25 uM caspase inhibitor Q-VD-OPH and adsorbed with
mock or r2Reovirus at an MOI of 500 PFU/ml or treated with 50 pM etoposide for 1 h. A) Cells
were assessed for annexin V and PI levels by flow cytometry at times shown. Data shown as
percentage of cells that are AV-/PI-, AV+/PI- or AV+/PI+. B) Cell viability was assessed at the
times shown. Results are shown as mean fluorescence intensity (MFI) and SEM for three
independent experiments. *, P < 0.0002 in comparison to r2Reovirus, as determined by two-way

ANOVA with Tukey's multiple-comparison test.
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FIG 4. Reovirus does not affect the mitochondria during infection of MDA-MB-231 cells. MDA-
MB-231 cells were adsorbed with mock, T1L, T3D, and r2Reovirus for 1 h at an MOI of 500
PFU/cell or treated with 50 uM etoposide. A) Cells were assessed for levels of
tetramethylrhodamine, ethyl ester (TMRE) by flow cytometry at times shown. Results are presented
as the percentage of TMRE-positive cells and SEM for three independent experiments. *, P < 0.008;
*k, P < 0.0001. B) Cells were fixed at 3 dpi and stained with antibodies specific for reovirus (blue) or
cytochrome c¢ (green) or with MitoTracker to visualize the mitochondria (red). Images are

representative of two independent experiments. Scale bar, 10 pm.
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FIG 5. Caspase 9 is activated but not necessary for reovirus-mediated cell death. A) MDA-MB-231
cells were infected with mock, T1L, T3D or r2Reovirus at an MOI of 500 PFU/cell or treated with
50 uM etoposide for 1 h. Cells were assessed for caspase 9 activity at times shown. Results are
shown for caspase 9 activity normalized to mock at each time point and SEM for three independent
experiments. B) MDA-MB-231 cells were treated with vehicle (DMSO), 25 uM caspase 9 inhibitor
z-LEHD-fmk or 25 uM pan-caspase inhibitor Q-VD-OPH and adsorbed with mock or r2Reovirus
at an MOI of 500 PFU/cell or treated with 10 pM doxorubicin for 1 h. Cell viability was assessed at
times shown. Results are presented as mean fluorescence intensity (MFI) and SEM for three
independent experiments. *, P = 0.003; **, P < 0.0001 in comparison to A) mock and B)

r2Reovirus, as determined by two-way ANOVA with Tukey's multiple-comparison test.
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FIG 6. r2Reovirus blocks etoposide-induced caspase 3/7 activity in a replication-dependent manner.
A) MDA-MB-231 cells were infected with mock, T1L, T3D or r2Reovirus at an MOI of 500
PFU/cell or treated with 50 pM etoposide for 1 h. Caspase 3/7 activity was measured at times
shown in relative luminometer units (RLU) and SEM for three independent experiments. Cells were
infected with mock, B) untreated or C) UV-inactivated reovirus at an MOI of 500 PFU/cell, treated
with DMSO or 50 pM etoposide 1 dpi, and assessed for caspase 3/7 activity 3 dpi in relative
luminometer units (RLU) and SEM for three independent experiments. *, P < 0.0001 in compatison

to etoposide, as determined by one-way ANOVA with Dunnett's multiple-comparison test.
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FIG 7. Differential PARP cleavage in reovirus-infected cells. MDA-MB-231 cells were adsorbed
with mock, T1L, T3D, or r2Reovirus (t2Reo) at an MOI of 500 PFU /cell or treated with 50 uM
etoposide (eto) for 1 h. Whole cell lysates were collected at 0-2 dpi, resolved by SDS-PAGE, and
immunoblotted with antibodies specific for PARP, reovirus, and tubulin. Representative experiment

of nineteen.
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FIG 8. Caspase 3-dependent cell death is observed in MDA-MB-436 cells. A) MDA-MB-436 cells
were treated for 1 h with vehicle (DMSO) or 25 uM caspase inhibitor Q-VD-OPH and adsorbed
with mock or t2Reovirus at an MOI of 500 PFU/ml for 1 h. Cells were assessed for cell viability
over times shown. B, C) MDA-MB-436 cells were infected with mock or r2Reovirus at an MOI of
500 PFU/cell or treated with 50 uM etoposide for 1 h. B) Cells were assessed for TMRE levels by
flow cytometry at times shown. Results are presented as the percentage of cells that are TMRE-
positive and SEM for three independent experiments. C) Caspase 3/7 activity was measured at times
shown. Results are shown as relative luminometer units (RLU) and SEM and normalized to mock
for three independent experiments. *, P < 0.05; **, P < 0.008; ***, P < 0.0001 as determined by

two-way ANOVA with Tukey's multiple-comparison test.
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FIG 9. Impact of the M2 gene segment in virus-induced cytotoxicity of TNBC cells. A) SDS-PAGE
gel electrophoresis of T1L, T3D, r2Reovirus (t2Reo), and recombinants T1L-T3M2 and T3D-
T1M2. Strains are differentiated by migration patterns of three large (L), three medium (M), and four
small (S) gene segments. Asterisk denotes M2 gene segment. B) MDA-MB-231 cells were infected
with mock, T1L, T3D, T1L-T3M2, T3D-T1M2 or r2Reovirus at an MOI of 500 PFU/cell and
treated with vehicle (DMSO) or 50 uM etoposide 1 day post-infection. Caspase 3/7 activity was
measured 3 days post-infection. Data are shown as relative luminometer units (RLU) and SEM for
three independent experiments. C) MDA-MB-231 and D) MDA-MB-436 cells were infected with
mock, T1L, T3D, T1L-T3M2, T3D-T1M2 or r2Reovirus at an MOI of 500 PFU/cell or treated with
C) 50 uM etoposide or D) 1 uM staurosporine for 1 h. Cell viability was assessed at times shown.
Results are presented as mean fluorescence intensity (MFI) and SEM for three independent
experiments. *, P < 0.04; **, P = 0.009; *** P = 0.0003; **** P < 0.0001 in comparison to T1L, as

determined by two-way ANOVA with Tukey's multiple-comparison test.
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Chapter IV: Discussion

Reovirus infection is usually asymptomatic and the virus has an inherent preference to
replicate in transformed cells while eliciting immune responses (1-8). This confers great potential as
an oncolytic. These inherent oncolytic properties can be exploited to create improved therapies
against cancers with limited treatment options, such as TNBC. In chapter II of this dissertation, we
generated novel reassortant reoviruses, r1Reovirus and r2Reovirus, with enhanced oncolytic
properties in TNBC cells by forward genetics following coinfection with prototype strains of three
different reovirus serotypes (T1L, T2], and T3D). r1Reovirus is composed of seven gene segments
from T1L and three from T3D (L2, M2, and S2), while r2Reovirus is composed of nine gene
segments from T1L and one from T3D (M2). In addition, both viruses have previously unidentified
synonymous and nonsynonymous point mutations. These data show coinfection and serial passaging
in TNBC cells can be used for the generation of reassortant reoviruses with novel genetic
compositions.

Both reassortant viruses exhibited phenotypic differences from parental T1L and T3D
strains. Attachment of r1Reovirus and r2Reovirus to MDA-MB-231 and HCC1937 cells was similar
to T1L. This was not surprising given they all share the same S1 gene segment, which encodes the
o1 attachment protein (1, 9). This indicates that we did not select for viruses with enhanced
attachment properties and that other genetic changes found in r1Reovirus and r2Reovirus do not
impact the ability of these viruses to attach to cells. Both reassortant viruses have enhanced infective
properties when compared to parental reovirus strains in MDA-MB-231 cells. In HCC1937 cells,
r2Reovirus, but not r1Reovirus, showed enhanced infective capacity compared to both parental
reoviruses. This suggests that the genetic changes found in r2Reovirus confer enhanced infection in

TNBC cells at a step after attachment. Interestingly, T3D and r1Reovirus infection of HCC1937
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cells was similar. This suggests additional T3D-derived gene segments found in r1Reovirus might be
driving infection in these cells.

A T1L reovirus with a T3D M2 gene segment (T1L-T3M2) attaches and infects 1.929 cells
more efficiently than parental T1L virus, showing an epistatic effect between T1L S1-encoded o1
attachment protein and non-adjacent T3D M2-encoded ul protein (10). r2Reovirus infection of
1929 cells was slightly, though not significantly, enhanced compared to T1L and r1Reovirus
infection. This suggests that the genetic changes found in r2Reovirus confer a slight enhancement of
infection in 1.929 cells and that additional changes found in r1Reovirus might revert enhancement of
reovirus infection in some contexts. Previous studies performed in 1.929 cells showing an epistatic
effect between T1L o1 and T3D ul proteins suggest the slight enhancement in infectivity observed
with r2Reovirus is conferred by the genetic reassortment and the additional mutations have little or
no effect on viral infection. These data indicate that r2Reovirus infection of TNBC cells, but not
1.929 cells, is significantly enhanced when compared with parental reoviruses. This also suggests that
additional mutations found in r1Reovirus but not r2Reovirus revert r1Reovirus infection potential of
non-MDA-MB-231 cells similar to that of parental reoviruses. Interestingly, all non-synonymous
point mutations present in r2Reovirus are also present in r1Reovirus, so enhancement of infectivity
of r2Reovirus over rl1Reovirus is not a result of mutations present in r2Reovirus. In fact, r1Reovirus
has more mutations than r2Reovirus and it has an unstable S2 gene segment, with single-residue
variations that range from 35% to 65%. The unstable S2 gene segment could hinder its infectivity
potential in non-MDA-MB-231 cells. Proteolytic disassembly of the virion during cell entry is a
critical determinant of susceptibility to reovirus infection. Mutations observed in reassortant

reoviruses gene segments could make the structural proteins they encode, major inner-capsid protein
A1 and major outer-capsid 63, more susceptible to proteolytic cleavage, leading to faster entry

kinetics and thus higher infectivity in MDA-MB-231 cells (11).
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Enhanced r2Reovirus infectivity in TNBC cells but not 1.929 cells could be a result of
availability of host factors involved in viral entry such as 1 integrin, calpains, cathepsins, Src kinase
or proteases involved in virion disassembly. 81 integrin is found in high levels in TNBC cells and
can regulate migration, invasion, and epithelial-mesenchymal transition (EMT) (12). Calpain-1 is also
significantly expressed in TNBC tissues (13) and Src kinase is being investigated as a potential target
for the treatment of TNBC partly due to higher expression of Src in TNBC cells when compared to
non-TNBC cells (14). Both reassortant viruses displayed enhanced cytotoxic properties when
compared to parental reovirus strains in Hel.a, 1.929, MDA-MB-231, and MDA-MB-436 cells.
These data indicate that enhanced kinetics of reassortant viruses does not isolate to just TNBC cells.
Additionally, although all reoviruses tested induce a cytostatic effect in HCC1937 cells, peak cell
viability in r2Reovirus-infected cells is lower when compared to other viruses. Studies have
attributed the capacity of reovirus to inhibit cellular DNA synthesis and induce cell death to S1 and
M2 gene segments (15-17).

The combination of oncolytic viruses with radiotherapy and chemotherapeutic drugs,
including carboplatin, docetaxel, and paclitaxel, has proven more successful than administration of
virus alone in a variety of clinical trials (https://clinicaltrials.gov)(18-21); consequently, we attempted
to identify small-molecule inhibitors that enhance the oncolytic potential of reovirus. A high-
throughput screen assessing the effect of small molecules from NIH Clinical Collections I and II
(NCC) on reovirus infectivity identified four topoisomerase inhibitors (doxorubicin, epirubicin,
etoposide, and topotecan) that significantly enhanced reovirus infectivity. Administered alone as
chemotherapeutic treatment, topoisomerase inhibitors cause DNA double-strand breaks during
DNA replication, and many cells belonging to the TNBC subtype have a defective DNA double-
strand break repair machinery (22). Further testing showed these topoisomerase inhibitors enhanced

reovirus infection of MDA-MB-231 cells without altering viral replication. This suggests that
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topoisomerase inhibitors positively affect the uptake of viral particles during cell entry, which results
in enhanced infectivity and thus cytotoxicity. It is also possible that the additive cytotoxicity
observed in MDA-MB-231 cells when both reovirus and topoisomerase inhibitors are present is
mediated through the activation of complementary cell death pathways. Additionally, topoisomerase
inhibitors did not hinder reovirus induction of type III interferon and reovirus did not affect the
activation of DNA damage signaling by topoisomerase inhibitors, suggesting an effective
combinatorial effect between reovirus and topoisomerase inhibitors. In summary, chapter II shows
coinfection and forward genetics in MDA-MB-231 cells can result in reassortant reoviruses with
enhanced infectivity and cytotoxicity in TNBC cells. Additionally, the pairing of reassortant viruses
with topoisomerase inhibitors is a promising therapeutic against TNBC.

Chapter IT demonstrated r2Reovirus by itself and in combination with chemotherapeutic
drugs is a potential enhanced therapeutic against triple-negative breast cancer. Extending further
studies to non-TNBC cell lines will help elucidate its effectiveness as an oncolytic agent against other
types of cancer. Additional studies can include the assessment of synergistic effects of r2Reovirus in
combination with chemotherapeutic drugs additional to those tested in chapter II. Results obtained
in chapter II increase the knowledge base about the use of forward genetics for the generation of
reassortant viruses with enhanced oncolysis in a subset of cancer cells. These methods can be used
to obtain novel reassortant reoviruses with enhanced oncolysis in other cancer cell types. Because
T1L-T3M2 has shown to induce enhanced cell death in a variety of cell lines, there is a high
probability this gene reassortment would be obtained after serial passage in other cells. However,
additional mutations or reassortment of additional gene segments might arise. It could be

hypothesized that in cells more prone to undergo cell cycle arrest, the S1 gene segment from T3D,
which encodes the nonstructural c1s protein involved in induction of cell cycle arrest, would be

selected for (23). Ras signaling suppresses protein kinase R (PKR) function and PKR mediates
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activation of IFN-§ following recognition of dsSRNA during virus infection (24). MDA-MB-231 cells

have an upregulated Ras pathway, leading to reduced PKR expression and IFN-8 gene induction
(25, 26). In cells with a non-mutant Ras, there would be higher PKR activation and type I IFN
secretion, so forward genetics in these cells could generate a reassortant reovirus with a p2 protein-
encoding M1 gene segment from T1L, which is more efficient at suppressing type I IFN than T3D
n2 protein (8, 27, 28). Knowledge obtained from chapter II can also be extended to other viruses
with reassortment capabilities, such as oncolytic influenza viruses. These novel findings demonstrate
forward genetics can provide a better oncolytic and pairing this virus with chemotherapeutic drugs
can provide a better, more targeted therapeutic.

The development of r2Reovirus as an enhanced oncolytic therapy against TNBC requires
further understanding of the mechanism of cell death induction. Understanding of viral and host
determinants of reovirus oncolysis is crucial in understanding cytopathic efficiency of the virus in
different cancer cells. Additionally, by understanding what viral factors and host targets are involved
in reovirus oncolysis, we can make more informed decisions on reovirus-drug pairings for enhanced
synergistic effects. Despite many studies secking to understand reovirus tropism for cancer cells, the
inherent preference of reovirus for replicating in transformed cells is not fully understood. Increased
permissiveness to reovirus infection, enhancement of various aspects of reovirus replication, and
increased reovirus-driven cell death induction has been attributed to increased Ras activity in a
variety of cell lines (7, 8, 28-35). However, reovirus can induce Ras-independent cell death and cells
transformed in the absence of activated Ras pathways also are susceptible to reovirus oncolysis (36-
39). More so, downregulation of major pathways downstream of Ras, such as MAPK/ERK and
PI3K/AKT pathways, can result in enhanced reovirus replication and cell death induction (40, 41).
MDA-MB-231 cell mutations in BRAF (G464V) and KRAS (G13D) result in an upregulated Ras

pathway and constitutive activation of MAPK/ERK signaling, promoting survival, proliferation, cell
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cycle progression, and cell growth (42-44). r2Reovirus downregulates MAPK/ERK signaling in
these cells and inhibition of this pathway results in increased r2Reovirus-induced cell death. This
effect on the MAPK/ERK pathway was not observed in T1L- or T3D-infected cells.

MAPK/ERK signaling regulates many downstream transcriptional responses to extracellular
signals, including growth factors, hormones, cytokines, and environmental stresses. Through this
modulation, MAPK/ERK signaling regulates a multitude of cellular functions such as DNA
binding, protein stability, cellular localization, transactivation or repression, and nucleosome
structure (45). ERK downstream targets are located in both the cytoplasm and nucleus. Two well-
known cytoplasmic targets are c-fos and c-jun, that upon dimerization form the Ap-1 complex,
translocate to the nucleus, and control multiple cellular processes including differentiation,
proliferation, and apoptosis (46). A widely studied nuclear target is the oncogene c-myc. c-myc is
involved in transformation of cells by stimulating genes involved in expression of many pro-
proliferative genes, including protein biosynthesis, cancer metabolism, transcription factors, and cell
cycle genes while inhibiting expression of tumor suppressor genes (47, 48). ERK is a kinase that
activates c-fos, c-jun, and c-myc via phosphorylation, so activation of ERK leads to their increased
gene expression. Interestingly, even though r2Reovirus infection led to a decrease of p-ERK in
MDA-MB-231 cells, infection also resulted in increased mRNA levels of of c-fos, c-jun, and c-myc
transcription and a slight increase in Ap-1 protein levels in MDA-MB-231 cells. In MDA-MB-436
cells, no increase was observed in MYC nor Ap-1 protein levels. c-fos, c-jun, and c-myc can be
activated by alternate kinases, so the disconnect observed between downregulation of ERK and
activation of transcription factors downstream of ERK in MDA-MB-231 cells could be due to
activated alternative pathways upon r2Reovirus infection.

Downtegulation of MAPK/ERK signaling can lead to apoptosis and reovirus induces

programmed cell death by intrinsic and extrinsic apoptosis, autophagy, cell cycle arrest, and
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necroptosis in a variety of cell lines (106, 17, 33, 40, 49-58). Infection of MDA-MB-231 cells in the
presence of a pan-caspase inhibitor resulted in partial reduction of virus-mediated cytotoxicity,
suggesting reovirus utilizes caspases for cell death induction. During canonical reovirus-induced
apoptosis, caspase 8 cleaves Bid, leading to translocation of Bid to mitochondria, resulting in
mitochondrial membrane permeabilization, cytochrome c release, and caspase 9 activation. Lastly,
caspase 9 cleaves caspase 3, leading to its activation and PARP-1 cleavage (1, 15-17, 49, 50, 53, 55,
57, 59-65). In reovirus-infected MDA-MB-231 cells, caspase 9 was significantly activated during
infection with T1L and r2Reovirus. However, the mitochondrial membrane potential was not
disrupted and cytochrome ¢ was not released. Additionally, none of the viruses tested induced
caspase 3/7 activity at any of the assessed time points (1-6 dpi). This suggests serotype 1 reovirus
infection elicits a previously unknown role for caspase 9 that does not involve activation of caspase
3. Concordant with lack of caspase 3/7 activation upon reovirus infection, PARP-1 cleavage
observed during T1L and r2Reovirus infection resulted in a 70 kD fragment, instead of the 89 kD
fragment observed when PARP-1 is cleaved by caspase 3 in cells undergoing apoptosis. Treatment
with caspase 3 inhibitor had no effect on the 70 kD PARP-1 fragment observed in reovirus-infected
cells. These data suggest PARP-1 is being cleaved in a caspase 3-independent manner in reovirus
serotype 1-infected cells. These findings suggest that in MDA-MB-231 cells, reovirus promotes
programmed cell death in a non-canonical, caspase 3-independent manner. Calpains, cathepsins,
granzyme A and B, and matrix metalloprotease 2 (MMP-2) can proteolytically cleave PARP into
fragments of this molecular weight in cells undergoing other types of programmed cell death (66).
Inhibitors of Granzyme B and MMP-2 inhibitors have no effect on r2Reovirus induction of cell
death, while calpain and cathepsin inhibitors decrease cytotoxicity induction by r2Reovirus.
However, calpains and cathepsins are necessary for reovirus entry (1, 64, 67, 68) and their inhibition

also results in decreased r2Reovirus infection of MDA-MB-231 cells. These data suggest decreased
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cytotoxicity observed in the presence of calpain and cathepsin inhibitors is a result of drug-
dependent decreased virus infection. Additionally, cathepsin inhibitor E64d alone resulted in
increased viability of uninfected cells. Interestingly, as a cysteine protease inhibitor, treatment with
E64d is expected to decrease cell proliferation (69, 70). These results suggest decreased r2Reovirus-
induced cytotoxicity observed in the presence of calpain and cathepsin inhibitors might be
compromised by other viral and cellular factors.

Viral replication is not necessary for reovirus induction of apoptosis, while necroptosis
induction requires newly synthesized viral dsRNA (51, 52, 54, 71). In MDA-MB-231 cells, UV-
inactivated T1L and r2Reovirus induce cell death with significantly slower kinetics than replicating
T1L and r2Reovirus. These results show replication of T1L and r2Reovirus is necessary for the full
cytotoxic effects of serotype 1 infection in these cells. RIPK3 and its substrate MLKL are required
for necroptosis induction (51, 52, 54, 72). Inhibition of RIPK3 had no effect on r2Reovirus-induced
MDA-MB-231 cell death, suggesting that although replication is required for full induction of MDA-
MB-231 cell death, reovirus does not induce necroptosis in these cells. r2Reovirus-infected cells
show similar cell cycle progression to that of uninfected cells, showing r2Reovirus does not induce
MDA-MB-231 cell cycle arrest.

The lack of apoptosis and necroptosis induction in reovirus-infected cells could be due to
lack of specific host factors necessary for induction of these cell death pathways. Even though
reovirus does not induce apoptosis in MDA-MB-231 cells, etoposide treatment results in
mitochondrial membrane potential disruption, cytochrome c release from the mitochondria, and
caspase 3/7 activity that results in an 89 kD PARP-1 cleavage fragment. This shows MDA-MB-231
cells can undergo apoptosis, so the inability of reovirus to induce apoptosis in these cells is reovirus-
related. Reovirus relies on tumor necrosis factor (TNF)-associated death-inducing ligand (TRAIL)

secretion and activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)
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activation for apoptosis induction (49, 58, 59). There are conflicting data on secretion and sensitivity
or resistance to TRAIL and TRAIL-induced apoptosis in MDA-MB-231 cells (73-78). It is possible
the lack of apoptotic signaling during reovirus infection are linked to MDA-MB-231 cells being
insensitive to TRAIL. Alternately, it is possible NF-kB is not being secreted in these cells. Because
NF-kB is required for apoptosis and necroptosis induction, as well as type I IFN secretion, lack of
NF-kB secretion would explain why none of these pathways are activated during reovirus infection
of MDA-MB-231 cells (ref).

r2Reovirus, but not T1L or T3D, displays an inhibitory effect on etoposide-induced caspase
3/7 activity in a replication-dependent manner. Additionally, MDA-MB-231 cells infection with UV-
inactivated reoviruses resulted in a faint 89 kD cleavage, indicative of caspase 3 cleavage. These data
suggest non-replicating reovirus induces activation of caspase 3/7, albeit to a small extent, upon cell
entry and inhibition of caspase 3/7 activity is obsetved once reovirus undergoes replication.
Interestingly, caspase 3 knockout in MDA-MB-231 cells resulted in decreased cell death induction
by T1L, T3D, and r2Reovirus. This suggests inhibition of caspase 3 is necessary for r2Reovirus cell
death induction of MDA-MB-231 cells. Several viruses exploit host cell caspases to facilitate viral
replication (79-82) and reovirus recruits a variety of host proteins to viral factories (83-87). Reovirus
could be recruiting caspase 3 to viral factories to aid in replication. Viral protein synthesis and
expression of ul is required to block cell death induction in other cells (54). In MDA-MB-231 cells,
newly synthesized viral proteins could be necessary for the inhibition of caspase 3/7, resulting in
unconventional cell death.

MDA-MB-436 cells are TNBC cells belonging to the MSL subtype. Caspase dependency,
mitochondrial membrane potential disruption, and an increase in caspase 3/7 activity in r2Reovirus-
infected MDA-MB-436 cells suggests the reassortant reovirus induces canonical apoptosis in these

cells. r2Reovirus also disrupted mitochondrial membrane potential and induced caspase 3/7 activity
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in Hel.a cells. Caspase 3-dependent cell death in Hel.a and MDA-MB-436 cells, in contrast to
caspase 3-independent cell death in MDA-MB-231 cells, shows the mechanism of cell death induced
by r2Reovirus is host cell-dependent. These results along with observations from chapter 11, in
which r2Reovirus induced cell death with enhanced kinetics in both MDA-MB-231 and MDA-MB-
4306 cells, suggest r2Reovirus can affect cell viability with enhanced kinetics, albeit by different
mechanisms, independent of cell heterogeneity. These properties make r2Reovirus a versatile
therapeutic. r2Reovirus inhibits cellular proliferation pathways and has a cytopathic effect in MDA-
MB-231 and MDA-MB-436 cells. Both cell lines belong to the MSL subtype and are heavily
dependent on enriched proliferation genes (88). Alternately, r2Reovirus has a cytostatic effect in BL1
subtype HCC1937 cells, which have deficient DNA damage repair due to a 5382C insertion
mutation in the BRCAT7 gene and a S168A silencing mutation in the MDCT gene (89). BRCAT-
deficient breast cancer cell lines are resistant to MEK inhibitors (90). The inability of 2Reovirus to
induce cell death in HCC1937 cells could be due to the resistance of this cell line to inhibitors of
proliferative signaling. Additionally, the ST168A silencing mutation in the MDCT gene has been
linked to less apoptosis induction (91). However, r2Reovirus infection might be initiating a cellular
stress response which causes HCC1937 cells to halt cellular proliferation and undergo cell cycle
arrest. Although the MDA-MB-436 cells also have a mutation in BRCA7, the dependency of this cell
line on proliferation genes might make it more susceptible to the anti-proliferative effects of
r2Reovirus. Knowing it can mold its cytopathic (as seen in MDA-MB-231 and MDA-MB-436 cells)
or cytostatic (as seen in HCC1937 cells) effects to the genetic background of the infected cell makes
this reassortant reovirus a good prospective oncolytic against different types of cancer.
Understanding viral determinants necessary for enhanced oncolysis is crucial for the
development of a more targeted therapeutic. Reassortment of gene segments between different

reovirus serotypes results in viruses with enhanced infective and cytotoxic properties in different cell
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lines (1, 10, 17, 92-94). This raises the possibility of creating an oncolytic virus with enhanced killing
kinetics to traditional, lab adapted, reovirus strains. As discussed in chapter II, f2Reovirus is a T1L
reovirus with a T3D M2 gene segment and several synonymous and nonsynonymous point
mutations. Studies performed with recombinant viruses T1L-T3M2 and T3D-T1M2 mapped
enhanced oncolysis of r2Reovirus to the T3D M2 gene segment in a T1L virus. T1L-T3M2 induced
cell death with similar kinetics as r2Reovirus in MDA-MB-231 and MDA-MB-436 cells, which
shows T3D M2 in an otherwise T1L virus is sufficient for enhanced cell death induction of
r2Reovirus and that other mutations present in this virus have little or no effect as it relates to
cytotoxicity. Furthermore, r2Reovirus and T1L-T3M2 resulted in similar inhibition of etoposide-
induced caspase 3/7 activity. These data show the T3D M2 gene segment in an otherwise T1L virus
is sufficient for inhibition of caspase 3/7 activity in MDA-MB-231 cells and enhanced cell death
induction in both MSL TNBC cell lines studied. The lack of inhibition of caspase 3/7 activity and
enhancement of cell death induction by T3D suggests an epistatic effect of the T3D M2 gene
segment with one or more T1L gene segments.

The novel genetic composition of r2Reovirus could inform future studies on viral factors
that promote enhanced infection and killing of transformed cells. Further studies on the novel
function of the pl protein in inhibiting caspase 3 will aid in understanding the mechanism by which
this protein, by itself or through interactions with other proteins, blocks caspase 3 activity.
Additional studies are also needed to understand the importance and implications of caspase 3
inhibition in reovirus cell death induction in TNBC cells. Because this is a replication-dependent
effect, it is possible a reduction in caspase 3/7 activity is observed after caspase 3 is recruited to viral
factories as replication aid. This would also explain why caspase 3 knockout results in ablation of
reovirus-induced cell death. Alternately, reovirus might need to block initial low levels of apoptosis

being induced upon reovirus entry for it to be able to induce a replication-dependent non-
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conventional cell death. Lastly, while r2Reovirus does not induce MDA-MB-231 cell death by
apoptosis, cell cycle arrest nor necroptosis, it induces apoptosis in MDA-MB-436 cells and has a
cytostatic effect in HCC1937 cells. Understanding the mechanisms by which r2Reovirus induces
cytopathic or cytostatic effects in these TNBC cells will greatly aid in the identification of host cell

factors necessary for reovirus induction of cell death in TNBC cells.
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Fig. 1. r2Reovirus induces caspase-dependent, caspase 3-independent non-conventional cell
death in MDA-MB-231 cells, while inducing caspase 3-dependent apoptosis in MDA-MB-
436 cells. r2Reovirus induces cell death in MDA-MB-231 cells independent of mitochondrial
membrane potential disruption, cytochrome c release, and caspase 3/7 activity. r2Reovirus infection
results in activation of caspase 9, but pl-dependent inhibition of caspase 3/7 activity in these cells
and differential PARP cleavage. In MDA-MB-436 cells, r2Reovirus elicits mitochondrial membrane

potential disruption and caspase 3/7 activation, resulting in apoptosis induction. Faded images are
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pathway components that are not observed, dotted lines are unknown portions of the pathway, and
enlarged bolded proteins and organelles are observed in r2Reovirus cell death induction of that cell

line.

Chapter III demonstrated r2Reovirus can induce non-conventional cell death in a caspase-
dependent, caspase 3-independent manner in some cells, while inducing conventional apoptosis in
other cells of the same TNBC subtype. Additionally, it suggests an unknown role for caspase 9
independent of caspase 3 activation. Interestingly, r2Reovirus induces enhanced cytopathic or
cytostatic effects compared to parental reoviruses in all cell lines tested, albeit by different
mechanisms. Further studies assessing what host factors drive r2Reovirus induction of cell death will
help evaluate the oncolytic potential of reovirus in different cancer cell types. Additionally,
understanding the mechanism by which reovirus induces cell death in different cells will aid in the
identification of drugs that synergize cell death by inhibiting distinct cell proliferative pathways or
inducing parallel cell death pathways.

Chapter I1I also mapped reovirus oncolytic efficacy to the T3D M2 gene segment and found
a novel role for this gene segment in blocking caspase 3/7 activity in a replication-dependent
manner. This gene segment is implicated in apoptosis induction in a variety of cell lines and, to our
knowledge, this is the first time it has been shown to be involved in inhibiting caspase 3/7 activity.
Further studies incorporating the nonsynonymous mutations present in r2Reovirus into a T1L virus
in the presence and absence of the T3D M2 gene segment might shed light on the role and
importance of genetic mutations present in r2Reovirus. Understanding the impact of independent
viral components on different aspects of reovirus biology in TNBC cells is necessary for the
development of a more targeted and enhanced oncolytic virus. Increased caspase 3/7 activity

following r2Reovirus infection in HCC1937, HelLa S3, .929, and MDA-MB-436 suggests the
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caspase 3/7 inhibitory effect observed during r2Reovirus infection is specific to MDA-MB-231 cells.
More studies are needed to assess the purpose and implications of caspase 3/7 activity inhibition
and its link to enhanced reovirus oncolysis. The fact that r2Reovirus blocks caspase 3, but does not
induce cell death in MDA-MB-231 caspase 3-/- cells raises questions on the importance of this
protease in reovirus infectivity and induction of cell death of MDA-MB-231 cells.

r2Reovirus enhanced cytotoxicity in both MDA-MB-231 cells and MDA-MB-436 cells, while
it blocked caspase 3/7 activity in MDA-MB-231 cells but induced caspase 3/7 activity in MDA-MB-
4306 cells, suggesting there might be a disconnect between inhibition of caspase 3/7 activity and
enhanced r2Reovirus-driven induction of cell death. Because the T3D M2 gene segment is linked to
both caspase 3/7 activity inhibition and enhancement of cell death, this raises the question of pl’s
role in driving enhancement of virus-driven cell death in both cell lines. Together, knowledge of
what host and viral factors determine the extent and mode of reovirus cell death induction can be
exploited to engineer viruses that more specifically target host factors of interest. Once all viral
factors and their roles in conferring enhanced oncolysis in different cell lines are elucidated,
r2Reovirus can be used as a model for engineering viruses with enhanced cytotoxic effects in cells
with specific genomic mutations.

The goal of these studies was to make a more targeted and efficacious therapeutic against
TNBC and understand viral and cellular factors involved in enhanced oncolysis. These studies
demonstrate the possibility of generating reoviruses with unique infective and cytotoxic properties
by forward genetics following coinfection with reoviruses of three different serotypes. Additionally,
we identified topoisomerase inhibitors as a class of drugs that enhances infection and the cytotoxic
properties of reovirus in the context of TNBC. This study shows pairing reassortant reoviruses
generated by forward genetics with topoisomerase inhibitors is a promising therapeutic against

TNBC. This knowledge can lead to future projects studying the combinatorial effects of different
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drugs with reassortant reoviruses. For combinatorial therapeutics to be effective, it is necessary to
understand host and viral factors involved in cell death induction, and how these can complement
drug targeting of specific host cell factors. A second study identified a non-conventional caspase-
dependent, caspase 3-independent r2Reovirus-induced cell death mechanism in TNBC cells and
mapped the enhanced cytopathic properties of this reassortant reovirus in TNBC cells to an epistatic
effect of the T3D M2 gene in a T1L virus. These studies show that understanding the interplay
between the host cell environment and the genetic composition of oncolytic viruses is crucial for the
development of improved viral oncolytics. Additional studies of how reassortant reoviruses target
and kill TNBC cells will further improve our understanding of host mechanisms and viral
components used by reovirus to impair TNBC cell growth. In summary, we engineered reassortant
reovirus with enhanced non-canonical, cell-dependent oncolytic properties in TNBC cells that map
to specific viral factors. Results from these and future studies will result in an improved viral
oncolytic therapeutic that will provide better quality of life and survival prognosis for TNBC

patients.
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Chapter V: Appendix

Attachment, infection, and cytostatic effect of reovirus on HCC1937 cells
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FIG 1. Attachment, infection, and cytostatic effect of reovirus on HCC1937 cells. A) HCC1937 cells
were adsorbed with A633-labeled T1L, T3D, r1Reovirus or r2Reovirus at an MOI of 5 x 10*
particles/cell and assessed for cell surface reovirus by flow cytometry. Results are expressed as box-
and-whisker plots of cell surface reovirus mean fluorescence intensities (MFI) for quadruplicate
independent experiments. B) Cells were adsorbed with T1L, T3D, r1Reovirus or r2Reovirus at an
MOI of 25 PFU/cell and assessed for infectivity after 18 h by indirect immunofluorescence using
reovirus-specific antiserum. C) Cells were adsorbed with T1L, T3D, r1Reovirus or r2Reovirus at an
MOI of 500 PFU/cell or treated with 1 pM staurosporine and cell viability was assessed 0-7 dpi.

Results are presented as MFI and SEM for three independent experiments. *; P = 0.02, ** P <
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0.0001, in comparison to A) T1L and B) r2Reovirus, as determined by one-way ANOVA with

Tukey's multiple-comparison test.

HCC1937 cells are a TNBC cell line belonging to the BL1 subtype. Mutations found in
HCC1937 cells confer an enrichment of cell cycle and cell division components (14). Both
reassortant viruses have similar attachment efficiency as T1L, while T3D has slightly higher
attachment efficiency than all other reoviruses tested (Fig. 1A). r2Reovirus displays enhanced
infectivity in HCC1937 cells, while r1Reovirus infects with similar kinetics as T3D and they all have
enhanced infectivity when compared to T1L (Fig. 1B). These data show a disconnect between
attachment and infection of reassortant viruses. Additionally, they show genetic reassortment and/or
mutations present in r2Reovirus confer enhanced infective properties in HCC1937 cells compared
to r1Reovirus. Different to cytopathic effects observed in reovirus-infected MDA-MB-231, MDA-
MB-436, and 1.929 cells, all reoviruses tested induce a cytostatic effect in HCC1937 cells. However,
peak cell viability in T3D and r2Reovirus-infected cells is lower when compared to other viruses.
Cytostatic effects in HCC1937 cells could be driven by enrichment of cell cycle and cell division
components in these cells. Reovirus induces cell cycle arrest in various cells lines (4, 168, 211, 280).
Together, these data show genetic alterations found in reassortant viruses have no effect in
attachment of these viruses to HCC1937 cells, while genetic reassortment and/or mutations present
in r2Reovirus confer enhanced infectivity compared to all reoviruses tested and enhanced cytostatic

properties similar to T3D in HCC1937 cells.
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r2Reovirus induces enhanced caspase 3-dependent cell death in HeLa cells
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FIG 2. r2Reovirus induces enhanced caspase 3-dependent cell death in Hel.a cells. A) HeLa cells

were adsorbed with T1L, T3D, T3C$, r1Reovirus or r2Reovirus at an MOI of 500 PFU/cell or

treated with 50 uM etoposide and cell viability was assessed at the times shown. Results are

presented as MFI and SEM for four independent experiments. B) Hela cells were adsorbed with

mock, T3D or r2Reovirus for 1 h at an MOI of 500 PFU/cell or treated with 50 pM etoposide and

assessed for levels of tetramethylrhodamine, ethyl ester (TMRE) by flow cytometry at times shown.

Results are presented as the percentage of TMRE-positive cells and SEM for four independent

experiments. C) Hela cells were infected with mock, T1L, T3D, T3C$ or r2Reovirus at an MOI of

500 PFU/cell or treated with 50 uM etoposide for 1 h. Caspase 3/7 activity was measutred at times

shown in relative luminometer units (RLU) and SEM for three independent experiments. *, P <
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0.03; **, P = 0.0002; ***, P < 0.0001 in comparison to A) r2Reovirus, B) mock, and C) T1L, as

determined by two-way ANOVA with Tukey's multiple-comparison test.

Reovirus induction of apoptosis in HelLa cells requires intrinsic and extrinsic apoptosis
factors, including disrupting mitochondrial membrane potential and induction of caspase 3/7
activity (4, 186, 287). To assess the cytotoxic effect of the reassortant reoviruses in these cells, Hel.a
cells were adsorbed with mock or reovirus or treated with etoposide and cell viability was assessed
for 6 days. r1Reovirus and r2Reovirus induce cell death with similar kinetics to current oncolytic
strain T3C$ and faster kinetics than parental T1L and T3D. To test the ability of reovirus to disrupt
the mitochondrial membrane potential in Hel.a cells, cells were adsorbed with mock, T3D or
r2Reovirus or treated with etoposide and assessed for TMRE levels by flow cytometry at 1-3 dpi.
r2Reovirus infection resulted in mitochondrial membrane disruption at a faster rate than T3D
infection and etoposide treatment, with significant mitochondrial membrane potential disruption at
1 dpi. By 3 dpi, all three treatments had significantly disrupted mitochondrial membrane potential.
To test if reovirus induces caspase 3/7 activity in Hel.a cells, cells were infected with mock or
reovirus or treated with etoposide and caspase 3/7 activity was measured 1-3 dpi. Infection with all
reoviruses tested and etoposide treatment resulted in an increase in caspase 3/7 activity compared to
mock as early as 2 dpi. Interestingly, although r2Reovirus induced cell death and disrupted the
mitochondrial membrane potential with faster kinetics, T3D induced significantly more caspase 3/7
activity than other viruses tested by day 2 and 3 pi. Together, these results show that reassortant
reoviruses induce cell death with faster kinetics than parental reoviruses and that infection of HelLa
cells with parental and reassortant reoviruses result in mitochondria and caspase 3-dependent

apoptosis induction.
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Transcription factors downstream of ERK are upregulated in r2Reovirus-infected cells
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FIG 3. Transcription factors downstream of ERK are upregulated in r2Reovirus-infected cells. A)
MDA-MB-231 cells were infected with mock or r2Reovirus at an MOI of 500 PFU/cell or for 1 h.
RNA was isolated at times shown and mRNA was measured by NanoString Breast Cancer (BC) 360
panel. B) MDA-MB-231 and C) MDA-MB-436 cells were infected with mock, T1L, T3D or
t2Reovirus at an MOI of 500 PFU/cell or treated with 10 pM U0126 for 1 h. AP1 and MYC activity
were measured 2 dpi in luciferase activity and SEM for four (MDA-MB-231 cells) and three (MDA-

MB-436 cells) independent experiments.

The MAPK/ERK pathway regulates many downstream transcriptional responses to

extracellular signals, including growth factors, hormones, cytokines, and environmental stresses.
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Through this mediation, they regulate a multitude of cellular functions such as DNA binding,
protein stability, cellular localization, transactivation or repression, and nucleosome structure (274).
In chapter 111, we showed r2Reovirus downregulates MAPK/ERK signaling, so we tested the effect
of r2Reovirus infection on downstream factors of ERK. ERK downstream targets are located in
both, the cytoplasm and nucleus. Two well-known cytoplasmic targets are c-fos and c-jun, that upon
dimerization form the Activator Protein-1 (Ap-1) complex, translocate to the nucleus, and initiate
transcription of genes involved in proliferation, differentiation, and cell death (288). A widely
studied nuclear target is c-myc, a transcription factor that activates expression of many pro-
proliferative genes (289). Activation of ERK leads to an increased expression of c-fos, c-jun, and c-
myc mRNA. Interestingly, even though r2Reovirus infection led to a decrease of p-ERK in MDA-
MB-231 cells, it led to an increase of c-fos, c-jun, and c-myc transcription (Fig. 3A) and a slight
increase in Ap-1 protein levels in MDA-MB-231 cells (Fig. 3B). In MDA-MB-436 cells, no increase
was observed in MYC nor Ap-1 protein levels (Fig. 3C). c-fos and c-jun activation can be induced by
a variety of stimuli (290, 291). The activity of c-fos is regulated post-translationally through
phosphorylation by ERK, cdc2, PKA or PKC (292-294). c-jun can be autoregulated by its own
product, Jun, or through phosphorylation by ERK or the Jun N-terminal kinase (JNK) pathway
(295, 296). c-myc is activated upon various mitogenic signals such as serum stimulation or by
wingless-activated (Wnt), Sonic hedgehog (Shh) or MAPK/ERK signaling (289, 297, 298). Since
these transcription factors can be activated by a variety of kinases, the disconnect observed between
downregulation of ERK and activation of transcription factors downstream of ERK could be due to

activated alternate pathways upon r2Reovirus infection.
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Inhibition of RIPK3 has no effect on cell death induction by r2Reovirus in MDA-MB-231

cells
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FIG 4. Inhibition of RIPK3 has no effect on cell death induction by r2Reovirus in MDA-MB-231
cells. MDA-MB-231 cells were treated for 1 h with vehicle (DMSO) or 3 uM R1PK3 inhibitor
GSK872 or 25 pM caspase inhibitor Q-VD-OPH and adsorbed with r2Reovirus at an MOI of 500
PFU/ml or treated with 10 uM doxorubicin for 1 h. Cell viability was assessed at times shown.
Results are presented as mean fluorescence intensity (MFI) and SEM for four independent
experiments. *, P = 0.008; *, P < 0.0001 in compatison to r2Reovirus, as determined by two-way

ANOVA with Tukey's multiple-comparison test.

The two major mechanisms of reovirus cell death induction are apoptosis and necroptosis
(4,102, 103, 164-168, 172, 179, 282, 299). Necroptosis, a caspase-independent cell death requiring
the induction of RIPK3 and MLKL-dependent necroptosis, can occur in cells where apoptosis has
been inhibited (166, 167, 172, 191). Induction of cell death by necroptosis was tested through
inhibition of RIPK3 using GSK 872 in the presence and absence of Q-VD-OPH. Addition of
GSK872 had no effect in r2Reovirus induction of cell death and combinatorial treatment of GSK
872 and Q-VD-OPH had similar effect to Q-VD-OPH treatment alone. These results suggest

r2Reovirus is not inducing necroptosis in these cells.
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r2Reovirus is not inducing cell cycle arrest in MDA-MB-231 cells
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FIG 5. r2Reovirus does not induce cell cycle arrest in MDA-MB-231 cells. MDA-MB-231 cells were
adsorbed with r2Reovirus at an MOI of 500 PFU/ml or treated with 1 pg/ml nocodazole for 1 h.
Cell cycle was assessed by propidium iodide stain at times shown. Results are presented as mean

fluorescence intensity (MFI) and SEM for four independent experiments.

The cell cycle is composed of interphase (G4, S, and G, phases), followed by the mitotic
phase (mitosis and cytokinesis), and Go phase. Reovirus infection can lead to cell cycle arrest during
the Gi phase and G2/M phase of the cell cycle and distuption of the mitotic spindle apparatus,
resulting in inhibition of cellular proliferation (4, 211). T3D induces cell cycle arrest to a greater
extent than T1L in a variety of cell lines, a characteristic that segregates with the S1 gene segment
(286). To assess if r2Reovirus induces cell cycle arrest in MDA-MB-231 cells, cells were infected
with mock or r2Reovirus or treated with nocodazole and cell cycle progression was assessed 1-3 dpi.
Cells treated with nocodazole were primarily in the G, phase starting at day 1 and throughout the
days tested, while r2Reovirus-infected cells showed a similar cell cycle progression to that of
uninfected (mock) cells. These results show that while nocodazole induces cell cycle arrest at the G2

phase in these cells at 1dpi, r2Reovirus does not induce cell cycle arrest throughout any of the days

tested.
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Reovirus does not induce caspase 3/7 activity at later time points in MDA-MB-231 cells
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FIG 6. Reovirus does not induce caspase 3/7 activity at later time points in MDA-MB-231 cells.
MDA-MB-231 cells were infected with mock, T1L, T3D, T3C$ or r2Reovirus at an MOI of 500
PFU/cell or treated with 50 uM etoposide for 1 h. Caspase 3/7 activity was measured at times
shown in relative luminometer units (RLU) and SD for one experiment. *, P < 0.0001 in comparison

to mock, as determined by two-way ANOVA with Tukey’s multiple-comparison test.

Data from chapter I1I show caspase 3/7 activity was not observed in reovirus-infected
MDA-MB-231 cells infected at 1-3 dpi. To determine if caspase 3 is activated during reovirus
infection at later times, MDA-MB-231 cells were infected with mock, T1L, T3D, T3C$ or
r2Reovirus or treated with etoposide and caspase 3/7 activity was assessed 4-6 dpi. These data
indicate that while etoposide can activate caspase 3/7 activity in MDA-MB-231 cells, none of the
viruses tested activate caspase 3/7 at later time points of infection. Taken together with results from
chapter 111, these results show reovirus does not activate caspase 3/7 at any point during infection.

These results further suggest r2Reovirus cell death induction is caspase 3-independent.
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Inhibition of caspase 3 does not affect PARP-1 cleavage
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FIG 7. Inhibition of caspase 3 does not affect reovirus-induced PARP-1 cleavage. MDA-MB-231
cells were treated with vehicle (DMSO) or 25 pM caspase 3 inhibitor Z-DEVD-CMK and infected
with mock, T1L, T3C$ or r2Reovirus (r2) at an MOI of 500 PFU/cell or treated with 50 uM
etoposide. PARP-1 cleavage was assessed by western blot. Whole cell lysates were collected at 2 dpi,
resolved by SDS-PAGE, and immunoblotted with antibodies specific for PARP-1, reovirus, and

tubulin.

To assess if PARP-1 cleavage observed during reovirus infection is caspase 3-dependent,
MDA-MB-231 cells were treated with vehicle (DMSO) or caspase 3 inhibitor Z-DEVD-CMK and
infected with mock or reovirus or treated with etoposide. Etoposide treatment resulted in an 89 kD
fragment. As seen in chapter III, a PARP-1 cleavage fragment of 70 kD was observed in cells
infected with T1L, T3C$, and r2Reovirus. When treated with Z-DEVD-CMK, infection with T1L
and r2Reovirus still resulted in a PARP-1 cleavage fragment of 70 kD. Treatment of T3C$-infected
cells with Z-DEVD-CMK resulted in two PARP-1 faint bands of 70 and 89 kD. Z-DEVD-CMK
treatment had no substantial effect on PARP-1 cleavage in etoposide-treated cells. These results
show that inhibition of caspase 3 has no effect on T1L and r2Reovirus-induced PARP-1 cleavage
and that inhibition of caspase 3 in T3C$-infected cells results in a slight decrease of PARP-1
cleavage into a 70 kD fragment and a slight increase in an 89 kD PARP-1 cleavage fragment. These

data suggest that caspase 3 is not cleaving PARP-1 in serotype 1 reovirus-infected cells.
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Effect of inhibitors of PARP-1 proteases on r2Reovirus cell death induction in MDA-MB-231

cells
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FIG 8. Effect of inhibitors of PARP-1 proteases on r2Reovirus cell death induction in MDA-MB-

231 cells. A) MDA-MB-231 cells were treated for 1 h with vehicle (DMSO) or varying

concentrations of PARP-1 protease inhibitors calpain (Capn), cathepsin (CTP), granzyme B (GrB),

and matrix metalloproteinase-2 (MMP-2) and adsorbed with r2Reovirus at an MOI of 500 PFU/ml

or treated with 50 uM etoposide for 1 h. Cell viability was assessed at times shown. Results are
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presented as mean fluorescence intensity (MFI) and SEM for four independent experiments. B)
MDA-MB-231 cells were treated for 1 h with vehicle (DMSO), 40 uM calpain inhibitor or 4 pM
cathepsin inhibitor and adsorbed with r2Reovirus at an MOI of 500 PFU/ml and assessed for
infectivity after 18 h by indirect immunofluorescence using reovirus-specific antiserum. Results are
expressed as percent infectivity and SEM for three independent experiments. *, P < 0.05; ** P =
0.002; *** P < 0.0009; **** P < 0.0001 in comparison to r2Reovirus, as determined by A) two-way

and B) one-way ANOVA with Tukey’s multiple-comparison test.

Calpains, cathepsins, granzyme A and B, and matrix metalloprotease 2 (MMP-2) can
proteolytically cleave PARP into fragments ranging from 55-74 kD, similar to that observed during
reovirus infection (189). Cells were treated with DMSO or varying concentrations of inhibitors of
PARP-1 proteases calpains, cathepsins, granzyme B, and MMP-2 and adsorbed with r2Reovirus or
treated with etoposide and tested for cell viability over 6 dpi. Inhibition of calpain significantly
decreased r2Reovirus cell death induction by day 6 pi at both concentrations tested. However,
calpains are necessary for reovirus entry (4, 187, 278, 279) and inhibition of calpains also results in
decreased r2Reovirus infectivity of MDA-MB-231 cells (Fig. 8B). While both concentrations assayed
of cathepsin inhibitor E64d resulted in significant decrease of r2Reovirus-induced cell death by day
4 pi, the protease inhibitor alone resulted in increased viability of uninfected cells. Neither
Granzyme B nor MMP-2 inhibitors had an effect at any of the concentrations tested on r2Reovirus
cell death induction and MMP-2 inhibitor alone decreased cell viability of uninfected cells. These
data show inhibitors of Granzyme B and MMP-2 inhibitors have no effect on r2Reovirus induction
of cell death, while calpain and E64d inhibitors decrease cytotoxicity induction by r2Reovirus.
However, effects observed by calpain and E64d inhibitors might be compromised by other viral and

cellular factors.
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UV-inactivated reoviruses induce cell death with slower kinetics than replicating reoviruses
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FIG 9. UV-inactivated reoviruses induce cell death with slower kinetics than replicating reoviruses.
MDA-MB-231 cells were infected with untreated and UV-inactivated mock, T1L, T3D or
r2Reovirus at an MOI of A) 100 PFU/cell or B) 500 PFU/cell ot treated with 50 uM etoposide.
Cells were assessed for A) infectivity after 18 h by indirect immunofluorescence using reovirus-
specific antiserum and B) cell viability at times shown. A) Results are expressed as box-and-whisker
plots of percent infectivity. B) Results are presented as mean fluorescence intensity (MFI) and SEM
for four independent experiments. Dotted lines represent UV-inactivated viruses. *, P = 0.005; **, P

< 0.0001 as determined by two-way ANOVA with Tukey’s multiple-comparison test.

Viral replication is not necessary for reovirus induction of apoptosis, whereas newly
synthesized dsRNA is required for reovirus induction of necroptosis (166, 167, 172, 282). UV-
inactivation of reoviruses resulted in no infection of MDA-MB-231 cells (Fig. 9A). To assess if
replication is necessary for reovirus induction of MDA-MB-231 cell death, cells were infected with
mock or untreated and UV-inactivated reovirus or treated with etoposide (Fig. 9B). Results show
non-replicating T1L and r2Reovirus induce cell death with significantly slower kinetics than
replicating T1L and r2Reovirus. No significant difference was observed in cell viability of T3D-
infected cells because T3D does not induce substantial cell death in these cells. These data suggest

replication is necessary for the full cytotoxic effects of serotype 1 reovirus infection in these cells.
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Differential PARP cleavage in reovirus-infected cells is replication-dependent
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FIG 10. Differential PARP cleavage in reovirus-infected cells is not observed in cells infected with
UV-inactivated viruses. MDA-MB-231 cells were adsorbed with untreated or UV-inactivated mock,
T1L, T3D, or r2Reovirus (r2) at an MOI of 500 PFU/cell or treated with 50 uM etoposide (eto) for
1 h. Whole cell lysates were collected 2 dpi, resolved by SDS-PAGE, and immunoblotted with

antibodies specific for PARP, reovirus, and tubulin.

To assess if differential PARP-1 cleavage observed in chapter I11I is replication-dependent,
cells were infected with mock or untreated and UV-inactivated reovirus or treated with etoposide.
Whole cell lysates were collected at 2 dpi and probed for PARP by immunoblot. As previously
observed, etoposide treatment resulted in an 89 kDa PARP-1 cleavage fragment and infection with
untreated T1L, T3C$, and r2Reovirus resulted in a 70 kDa PARP-1 cleavage fragment while
infection with T3D did not result in PARP-1 proteolysis. Infection with UV-inactivated viruses did
not result in a 70 kD PARP-1 cleavage fragment. In fact, infection with UV-inactivated T3D, T3CS$,
and r2Reovirus resulted in a faint 89 kD PARP-1 cleavage fragment. These data suggest that during
infection of MDA-MB-231 cells by UV-inactivated viruses, PARP-1 is cleaved to a small extent by
caspase 3, which in turn suggest reovirus infection can result in a small extent of apoptosis induction

that is blocked upon viral replication.
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Knockout of caspase 3 has no effect on reovirus cell death induction
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FIG 11. Knockout of caspase 3 has no effect on reovirus cell death induction. A) Caspase 3 was
knocked out of MDA-MB-231 cells by CRISPR-Cas9 and assessed for complete knockout by
western blot. Whole cell lysates of clones were collected, resolved by SDS-PAGE, and
immunoblotted with antibodies specific for caspase 3 and tubulin. B) MDA-MB-231 caspase 3 -/-
cells were infected with T1L, T3D, and r2Reovirus at an MOI of 500 PFU/cell or treated with 50

M etoposide for 1 h. Cell viability was assessed at times shown.

Data from chapter 11T showed r2Reovirus blocks caspase 3/7 activity in a replication-
dependent manner in MDA-MB-231 cells. To test the requirement of caspase 3 in r2Reovirus
induction of MDA-MB-231 cells, caspase 3 was ablated in MDA-MB-231 cells by clustered regularly
interspaced short palindromic repeats (CRISPR)/CRISPR associated protein 9 (Cas9) (Fig. 11A).
MDA-MB-231 Caspase 3-/- cells were infected with mock or reovirus or treated with etoposide and
assessed for cell viability over 6 dpi (Fig. 11B). Interestingly, even though r2Reovirus blocks caspase
3/7 activity upon infection, knocking out caspase 3 in MDA-MB-231 cells resulted in decreased cell
death induction by all viruses tested. These data suggest caspase 3 is required for reovirus induction
of cell death. Several viruses exploit host cell caspases, including caspase 3, to promote viral
replication (252-255) and reovirus recruits various host proteins to viral factories (86, 257-260).

Reovirus could be recruiting caspase 3 to viral factories to aid in replication.
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Caspase inhibition results in decreased replication of r2Reovirus in MDA-MB-231 cells
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Fig 12. Caspase inhibition results in decreased replication of r2Reovirus in MDA-MB-231 cells.
MDA-MB-231 cells were treated with vehicle (DMSO), 4 uM E64d or 25 uM Q-VD-OPH and
adsorbed with r2Reovirus at an MOI of 10 PFU/cell, and (A) viral titers and (B) viral yields were
determined by a plaque assay on 1.929 cells at 0 to 4 days post-infection. The results are presented as
(A) mean viral titers (* standard errors of the means [SEM]) or (B) mean viral yields (= SEM)
compared to values at day 0 post-infection. *, P < 0.02; *¥, P < 0.006; ***, P < 0.0006 in comparison

to DMSO, as determined by two-way ANOVA with Tukey’s multiple-comparison test.

Several viruses exploit host cell caspases to promote viral replication (252-255) and reovirus
recruits various host proteins to viral factories (86, 257-260). MDA-MB-231 cells were treated with
vehicle (DMSO), E64d or Q-VD-OPH and adsorbed with r2Reovirus to assess effect of caspases
on viral replication. E64d is a cysteine protease inhibitor and reovirus entry is dependent on
proteases, so E64d inhibits reovirus cell entry. By 3 dpi, treatment with E64d resulted in a 2-fold
decrease in viral titer when compared to r2Reovirus-infected cells. Treatment with Q-VD-OPH
resulted in a less, but significant, 1-fold reduction of replication starting at 3 dpi when compared to
r2Reovirus-infected cells. These data show caspase inhibition results in a slight decrease of
r2Reovirus replication in MDA-MB-231 cells, albeit at later times and to a lesser extent than

inhibition of cysteine proteases.
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