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ABSTRACT

Glioblastoma multiforme is the most common and malignant form of brain cancer
in humans. The current prognosis for glioblastoma patients undergoing standard
treatment is extremely low, with a median patient survival of 1 to 2 years. Oncolytic
viruses are currently being evaluated as promising novel therapies for the treatment of
glioblastoma. Our laboratory’s preliminary data has demonstrated that the oncolytic
rhabdovirus Farmington effectively eliminates brain tumours, but is also neurosafe.
However, the biological mechanisms underlying Farmington’s neurosafety and
oncotropism were unknown. Through studying Farmington infection in normal brain cells
and brain cancer cells in vitro, we determined that Farmington’s distinct tropism is
dependent on the Farmington glycoprotein and the type 1 interferon response.
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1. INTRODUCTION

Cancer is one of the leading causes of death prior to age 70 in 91 countries
worldwide, and its incidence and mortality continue to grow internationally *. Current
standard-of-care therapies for cancer include chemotherapy, radiotherapy, and surgical
resection of the tumour 2. However, efficacy remains low due to resistance to treatment,
cancer recurrence, and/or negative side effects 3-5. Therefore, novel approaches to
treating cancer are greatly needed.

1.1 Oncolytic virotherapy

One such approach is oncolytic virotherapy. Oncolytic viruses (OVs) are
replication-competent viruses that selectively replicate in tumour cells, leading to tumour
cell lysis and the release of viral progeny 6. Viral progeny then infects neighbouring tumour
cells, continuing the infection and destruction of the tumour. This self-amplifying quality
is unique to OV therapy and allows for the application of lower viral doses 7. In addition
to direct tumour cell lysis, OVs have an immunogenic effect on tumours as well. Upon
viral-mediated cell death, tumour associated antigens and damage-associated molecular
patterns (DAMPs) are released, which prime and activate anti-tumour immunity 8.
Additionally, viral infection of tumours can reshape the tumour microenvironment,
reversing immunosuppression and promoting anti-tumour immunity 274 As the
selectivity of OVs for tumour cells relative to normal cells dictates much of the efficacy
and safety of these therapies, viral tropism remains a key area of research in the field of
oncolytic virotherapy 58, This tropism is dictated by a number of virus-host interactions,
including antiviral mechanisms in normal cells and mechanisms of susceptibility within

cancer cells.



1.2 Virus-host interactions governing the tropism of oncolytic viruses
1.2.1 The type 1 interferon response

One of the major virus-host interactions governing OV tropism is the type 1
interferon (IFN) response. The type 1 IFN response is an innate antiviral response that
inhibits viral infection within normal cells '7. During viral infection, cellular pattern
recognition receptors (PRRs) recognize pathogen-associated molecular patterns
(PAMPs) in viral proteins and viral genomic material '®'°. These interactions activate
PRR-dependent signaling cascades that result in the production of antiviral cytokines
known as IFNs. In an autocrine and paracrine fashion, IFNs bind to the interferon-
alpha/beta receptor (IFNAR) and induce a signaling cascade through the Janus kinase
signal transducer and activator of transcription (JAK-STAT) 2%2'. This signaling then
activates the expression of IFN-stimulated genes (ISGs). ISGs restrict all stages of the
viral replication cycle in infected and neighbouring uninfected cells, 2223, thus protecting
normal cells from OV infection.

In contrast to normal cells, tumour cells often have dysregulated or dysfunctional
IFN signaling pathways 24-26, making them susceptible to OV infection. As IFNs can
suppress tumour growth, cancer cells often develop mutations within their IFN signaling
cascades to enhance tumour proliferation 2. Mutations can be present at all levels of the
IFN response, from mutations within PRRs, the JAK-STAT pathway, ISGs, or the IFNAR
2829 The differential in the functionality of the type 1 IFN response between normal cells

and cancer cells is a key factor underlying OV tropism.



1.2.2 Viral entry

In addition to the antiviral response, viral entry is a key process that governs the
selectivity of OVs as well. The first stage of viral entry that influences OV tropism is viral
attachment to the host cell surface %°. Viral attachment is primarily mediated through
interactions between cell surface receptors and viral glycoproteins embedded in the
viral membrane 3'. The success of these interactions is governed by the expression of
viral entry receptors on the cell surface, as well as the affinity of the glycoprotein-
receptor interaction. High expression levels of an OV’s specific viral entry receptor on
the cell surface can increase viral selectivity for that cell type. Several OVs inherently
attach to receptors that are upregulated in cancer cells, thus improving their selectivity
for tumour cells. For example, the oncolytic herpes simplex virus known as T-VEC uses
the receptors HVEM, nectin-1, and nectin-2 to enter cells 32. The expression of these
receptors is upregulated in cancer cells relative to normal cells, thus increasing the
tropism of T-VEC for tumour cells. Viral tropism is also influenced by the affinity of an
OV’s glycoprotein to its viral entry receptor. Higher affinity glycoprotein-receptor
interactions often correlate with better infectivity. In one study, a panel of measles
viruses with different binding affinities to the HERZ2 receptor were generated for
treatment of HER2/neu-expressing tumours 3. The viruses with binding affinities to the
HER2 receptor that were above a minimum threshold infected the tumour cells
efficiently, whereas viruses with binding affinities below this threshold showed minimal
infection. Altogether, these studies demonstrate that viral attachment is an important

factor influencing OV tropism.



For enveloped viruses, fusion of the viral envelope with a host membrane is a
key step dictating viral tropism as well. Interferon-induced transmembrane proteins
(IFITMs) are a family of ISGs that restrict the viral fusion of numerous viruses within
normal cells 4. While the expression of these proteins increases upon IFN signaling,
basal levels of these proteins are sufficient to block viral entry in normal cells 3436, The
IFITM2 and IFITMS3 proteins specifically restrict viral fusion in endosomes and
lysosomes by inhibiting pore formation %7, shuttling viruses to lysosomes for degradation
38 or disrupting endosomal cholesterol homeostasis 2°. Viral fusion can also be
restricted in the absence of specific host factors required to complete this process. For
example, Lassa virus (LASV) uses the lysosomal-associated membrane protein 1
(LAMP1) as its intracellular receptor “°. However, LASV viral fusion is restricted in bird cells
due to the absence of a glycosylated residue in LAMP1 required for this interaction #'. Thus,
different sequences or glycosylation patterns in receptors required for viral fusion can affect
selectivity as well.

1.3 OV treatment of glioblastoma multiforme

QV tropism is particularly important in the treatment of glioblastoma multiforme.
Glioblastoma multiforme (GBM) is the most common and malignant form of brain cancer
in humans 42. Despite improvements in chemotherapy, radiation, and surgery, the current
prognosis for GBM patients undergoing treatment is approximately 1 to 2 years “3. It has
been argued that OV treatments for GBM should be delivered intracranially (IC) to allow
direct access to the brain tumour to have the highest oncolytic effect 7444%. However, IC
injection of an OV increases the risk for infection within the brain. Two primary brain cell
populations at risk for infection are neurons and astrocytes. Neurons are arguably the

most functionally important cells within the brain as neural circuitry is responsible for brain



function 46, Neurons are also non-renewable cells #7; therefore, virus-mediated cell death
in neurons can permanently damage neural circuitry 8. Astrocytes are glial cells that
support neuronal function, blood brain barrier integrity, and provide homeostasis within
the brain 4. Virus-mediated cell death within astrocytes can lead to loss of blood brain
barrier integrity, neuronal damage, and dysregulated signaling within the brain %°.
Infection within the brain can also damage normal brain tissues indirectly through
inflammation. Immune cell infiltration and proinflammatory cytokines produced in
response to infection within the brain can damage normal brain tissues °'°2. Direct or
indirect damage to either astrocytes or neurons can have severe neurological
consequences, including encephalitis, decreased motor and sensory functions, and even
death 4893, It is critical that OV infection is strictly attenuated within normal brain tissues
in the treatment of GBM. Therefore, understanding the virus-host interactions governing
tropism for normal brain tissues is essential to improving the safety of these therapies.

In addition to safety concerns, OV selectivity for brain tumour cells can impact the
efficacy of these therapies as well. Due to the heterogeneity of GBM tumours, several
gliomas are very susceptible to OV infection and therefore demonstrate high efficacy in
GBM mouse models %, However, other GBM tumours can restrict infection, thus
reducing efficacy %°8. One mechanism that dictates glioma susceptibility to OV infection
is the presence of IFN signaling within the tumour, where gliomas with intact IFN
responses can restrict OV replication %°. However, the mechanisms underlying the
efficacy of OV therapies for treating GBM remain elusive as well. Therefore, studying the
mechanisms governing OV selectivity for brain cancer cells could improve the efficacy of

these GBM therapies.



1.4 Oncolytic rhabdoviruses for treating GBM

One group of viruses being considered for the treatment of GBM is the
Rhabdoviridae family. Rhabdoviruses possess many qualities of an ideal OV, including
high oncolysis, rapid replication cycles, broad cell tropism, high virus yields, low serology
in humans, and flexible genomic platforms for transgene insertion . One such
rhabdovirus is the vesicular stomatitis virus (VSV), a member of the vesiculovirus genus.
VSV is a rhabdovirus with a negative sense, single-stranded ribonucleic acid (ssRNA)
genome. This virus was discovered to be highly oncolytic towards many cancers, and its
sensitivity to IFN made it safe for normal tissues 2.

The discovery of VSV prompted the search for other rhabdoviruses with similar
oncolytic properties. From this search, a close relative of VSV that also belonged to the
vesiculovirus genus was discovered. Maraba virus (MRB) was lytic against 100% of the
37 cancer cell lines tested, and was also IFN sensitive 8°. Despite the IFN sensitivity of
these two viruses, it was discovered that wildtype VSV infected tissues of the central
nervous system (CNS) and the brain within rodents and nonhuman primates, making it
neurotoxic 863, It was therefore assumed that wildtype MRB would be similarly
neurotoxic. Unfortunately, this inhibited the use of wildtype VSV and MRB as OVs at
therapeutic doses.

In an attempt to increase the safety of MRB and VSV, attenuated versions of these
two viruses were created, known as MRB MG1 and VSVA51, respectively. The mutations
in these viruses inhibited their ability to block host gene expression and IFN signaling
within normal tissues. This increased the IFN sensitivity of these viruses and improved

their safety 6467, MRB MG1 is currently in two clinical trials for treating cancer %8 and



VSVA51 is in preclinical stages of development 8971, Despite the attenuated nature of
these viruses in tissues outside the brain, administration of maximum doses of MRB MG1
or VSVAS1 by intravenous injection results in infection of CNS tissues, including within
the brain 558972, This diminished the possibility of using these viruses for IC treatment of
GBM. However, it also highlighted that while important, the IFN response alone cannot
protect against OV infection within the brain.

In addition to the IFN response, it was later appreciated that the viral glycoprotein
was a key determinant for neurotropism as well. For example, it was discovered that the
VSV glycoprotein mediates this virus’ neurotropism, as it uses the widely-expressed low
density lipoprotein receptor (LDLR) as its viral entry receptor 73. To improve VSV'’s
neurosafety for the treatment of GBM, VSV pseudotypes were developed where the
VSV glycoprotein was removed and replaced with a non-neurotropic glycoprotein 61.74.75,
One study engineered a VSV variant pseudotyped with the Lassa virus glycoprotein
precursor (LASV-GPC), known as VSV-LASV-GPC 6. This virus demonstrated
attenuated infection within brain cells. As well, no neurotoxicity was observed within
mice and the treatment was capable of prolonging survival in xenograft mouse models
of glioblastoma. Similarly, a VSV variant pseudotyped with the lymphocytic
choriomeningitis virus glycoprotein (LCMV-GP) known as rVSV(GP) demonstrated
minimal infection within brain cells. This virus demonstrated little to no adverse effects
within the brain, and the treatment prolonged survival in both syngeneic and xenograft
mouse models of glioblastoma 7’. Interestingly, the LCMV glycoprotein is known to use
a-dystroglycan, a protein expressed on the cell surface of numerous brain cell

populations, as its entry receptor 787°. However, a-dystroglycan may have different



glycosylation patterns or expression levels in normal brain cells compared to brain
cancer cells 898! As well, the absence of a coreceptor required for entry into normal
brain cells could restrict this virus, as has been demonstrated with different OV's 82
Altogether, these studies emphasize the importance of the viral glycoprotein in dictating
neurotropism. However, the glycoprotein-dependent mechanisms underlying
neuroattenuation remain elusive for many OVs.

1.5 Farmington virus

One oncolytic rhabdovirus with elusive mechanisms of selectivity is the Farmington
virus (FMT). FMT was identified alongside MRB in the screen for novel rhabdoviruses
with highly oncolytic properties . Like MRB and VSV, FMT was a rhabdovirus that was
highly lytic against multiple cancer cell lines, with a particular tropism for tumours from
the CNS. However, unlike MRB and VSV, the sequence of the FMT polymerase (L
protein) was more closely related to the plant-tropic genus cytorhabdovirus .
Interestingly, wildtype FMT could be injected intracranially or intravenously into mice at
high titres without neurotoxicity, making it neurosafe (unpublished data). Together, FMT’s
oncotropism and unique neurosafety profile confirmed its potential as an OV for the
treatment of GBM.

Since its discovery in 2010, our laboratory has developed FMT as a novel OV
platform for treating GBM. We have demonstrated that IC delivery of FMT eliminates brain
tumours in both xenograft and syngeneic mouse models of glioblastoma, generating long-
lasting cures. Recently, IC injection of FMT in nonhuman primates was found to be well
tolerated in the brain with no observed toxicity (unpublished data). FMT is therefore on its

way to a clinical trial for the treatment of GBM in human patients. However, the



mechanisms underlying FMT’s unique neurosafe and oncotropic properties have not
been explored.
1.6 Rationale and hypothesis

Multiple studies have correlated viral neurosafety with restricted infection within
the brain 8'-74-77_ Our own studies suggested that this correlation may pertain to FMT as
well. Immunostaining of mouse brain sections 48 hours after IC administration of FMT
revealed only limited FMT staining within brain tissues. In contrast, extensive staining was
observed with VSV treatment in various regions of the brain. Therefore, we predicted that
FMT’s neurosafety may partially depend on an attenuated capacity to infect normal brain
cells. However, FMT’s capacity to infect normal brain cells had not been characterized in
vitro. As our preliminary data suggested that FMT’s infection in normal brain cells was
attenuated, we predicted that this attenuation would depend on two major factors: the
type 1 IFN response and the FMT glycoprotein. As the IFN response is a key antiviral
mechanism for many OVs 2223, we predicted that the IFN response would be an important
factor governing FMT’s neurosafety as well. Our preliminary data suggested that FMT
induced IFN signaling within normal human fibroblasts, to which FMT’s replication cycle
is sensitive. As well, IFNAR-/- knockout fibroblasts are susceptible to FMT infection.
Therefore, we suspected that the type 1 IFN response may similarly restrict FMT infection
within normal brain cells.

We also suspected that the FMT glycoprotein played a role in FMT’s neurosafety
as well. This hypothesis is based on in vivo studies with FMT pseudotypes. For example,
IC injection of a FMT variant pseudotyped with the MRB glycoprotein (FMT-(MRB-G))

caused neurotoxicity in mice. In contrast, IC injection of a MRB variant pseudotyped with



the FMT glycoprotein (MRB-(FMT-G)) was neurosafe. This paralleled the neurotropism
studies of VSV variants pseudotyped with the LCMV or LASV glycoproteins 7677, These
studies suggested that the MRB glycoprotein was neurotropic, whereas the FMT
glycoprotein was not. As viral entry is a glycoprotein-mediated step in the viral replication
cycle 3!, FMT viral entry could be restricted in normal brain cells relative to entry mediated
by the MRB glycoprotein. In contrast, our preliminary data demonstrated that FMT and
MRB were very oncotropic towards tumours from CNS origins. This suggested that viral
entry mediated by the FMT glycoprotein may proceed more efficiently within brain cancer
cells, and perhaps at similar levels to the MRB glycoprotein.

Therefore, we hypothesize that FMT’s balance of oncotropism and
neurosafety is dependent on its distinct tropism for brain tumour cells relative to
normal brain cells, which is influenced by the IFN response and the FMT
glycoprotein.

Our first objective was to determine FMT’s neurovirulence in vitro. As seen with
other neurosafe viruses "®77, we expected that FMT would minimally infect neurons. We
explored the neurovirulence of the neurotoxic viruses MRB, FMT-(MRB-G), VSV, and
VSVAS51 as well. As previously established in the literature, we expected that VSV and
VSVA51 would infect neurons. MRB’s neurotoxicity has been characterized in vivo;
therefore, we predicted that MRB would be neurotropic in vitro. As FMT-(MRB-G) also
uses the MRB glycoprotein, we expected this virus to be neurovirulent well. Altogether,
we sought to establish a correlation between viral neurotoxicity and neurotropism, as
previously described. As well, we hoped these experiments would highlight the influence

of the viral glycoprotein in neurotropism.
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As an important antiviral mechanism dictating the safety of many oncolytic
viruses, our second objective was to determine if FMT induced type 1 IFN expression
which then restricted FMT infection in normal brain cells. IFN beta is often one of the
earliest type 1 interferons produced during viral infection, and is a key player in the IFN
response 8-8_|FN is produced by both neurons and astrocytes, with astrocytes acting
as a primary producer of IFN beta 8. We therefore evaluated FMT’s capacity to induce
IFN beta expression within astrocytes. As seen in fibroblasts, we expected FMT to
induce IFN beta expression within astrocytes at high levels. As neurons produce IFN
beta, we evaluated if FMT infection was restricted by IFN beta signaling in neurons as
well. We also investigated a potential link between the IFN response and the viral
glycoprotein in FMT’s neurosafety. Studies have found that certain viral glycoproteins
can induce IFN signaling through interactions with PRRs such as toll-like receptor 4
(TLR4) 8-%0_Therefore, we compared IFN expression in astrocytes infected with FMT
and FMT-(MRB-G) to test if IFN induction was glycoprotein-dependent.

Our third and final objective was to evaluate the role of the viral glycoprotein in
dictating FMT’s tropism in brain cancer cells relative to normal brain cells. As viral entry
is a glycoprotein-dependent step 3!, we suspected that FMT viral entry may be
attenuated within normal brain cells compared to brain cancer cells. As well, we
suspected that viral entry mediated by the FMT glycoprotein may proceed at similar
efficiencies to the MRB glycoprotein. We therefore chose to compare the viral entry of
FMT and FMT-(MRB-G) in astrocytes and the glioblastoma cell line U343. To exclude
the possibility that the glycoprotein affected a post-entry stage of the viral replication

cycle, we evaluated the viral transcript abundance of FMT and FMT-(MRB-G) in
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astrocytes and U343 cells. Next, we studied the levels of viral attachment, viral fusion,
and the pathway of viral entry of FMT and FMT-(MRB-G) in astrocytes and U343 cells.
Altogether, the main aim of this study was to determine the mechanisms underlying

FMT’s unique neurosafe and oncotropic profile.

2. MATERIALS AND METHODS

2.1 Cell lines

Vero and U343 cells were purchased from ATCC and maintained in 1X
Dulbecco’s Modified Eagle Medium (DMEM; Thermo Fisher) supplemented with 10%
fetal bovine serum (FBS; Corning) at 37°C and 5% CO.. Cells were maintained in 15 cm
tissue culture plates (Corning) until reaching approximately 70% confluence. For
passaging, media was removed by aspiration and cells were washed once with
phosphate buffered saline (PBS). Cells were incubated with 0.25% trypsin until lifted off
(approximately 5 minutes), then resuspended in complete media. An appropriate
amount of resuspended cell solution was added to a new 15 cm plate containing
complete media.

Normal human astrocytes (NHA) were purchased from Lonza and cultured in
Astrocyte Media (ScienCell) supplemented with 2% FBS, Astrocyte Growth
Supplement, and 1% penicillin/streptomycin solution (ScienCell). Astrocytes were
maintained in T25 cell culture flasks (Corning) until reaching approximately 50%
confluence. For passaging, media was removed by aspiration and cells were washed
once with PBS. Cells were incubated with 1X Versene (Gibco) until lifted off

(approximately 10 minutes), then resuspended in complete media. Cells were pelleted
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by centrifugation at 900 rotations per minute (RPM) for 5 minutes. Cell pellets were
resuspended in complete media and an appropriate volume was transferred to a new
flask containing complete media.

Neuronal and blood brain barrier endothelial cell cultures were kindly extracted
and cultured by Dr. Sarah Schock at the CHEO Research Institute I, Ottawa, Canada.
Primary culture neurons from the hippocampus, cortex, and striatum, as well as
endothelial cells from the blood brain barrier were extracted from the brains of CD-1
mice (Charles River). Neurons and endothelial cells were seeded at 8E4 cells/well in
96-well plates. Neuronal cultures were maintained in B-27 supplemented Neurobasal
Medium (Invitrogen) for 2 weeks before infection. Endothelial cultures were maintained
in Endothelial Cell Medium (ScienCell) and were infected 3-4 days after seeding.

2.2 Viruses

All rhabdoviral stocks, including FMT-eGFP, FMT-(MRB-G)-eGFP, MRB-eGFP,
VSV-eGFP, and VSVA51-eGFP, were kindly cloned and generated by Charles Lefebvre
and Melanie Labelle at the CHEO Research Institute I, Ottawa, Canada. Vero cells
were grown in 15 cm plates to 100% confluency. Cells were infected with sucrose
cushion-purified viruses at MOI 0.01 in complete media at 37°C for either 20 hours
(MRB and VSV viruses) or 30 hours (FMT viruses). Media was collected and
centrifuged to pellet cells. Supernatant was filtered using 0.22 um Corning bottle-top
vacuum filter systems (Sigma). Viruses were pelleted by centrifugation at 10 000
rotations per minute (rpm) for 2 hours at 4°C. Viral pellets were resuspended in
Solution C and incubated overnight at 4°C. The following day, a 15-35% Opti-Prep

gradient was prepared using a Gradient Master 108 (Biocomp Instruments). Virus was
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added to the gradient, then the solution was centrifuged at 36 000 rpm for 1.5 hours at
4°C. The virus band was collected, aliquoted, and stored at -80°C.

The VACV-eGFP virus was kindly generated by Kristina Allan at the CHEO
Research Institute Il, Ottawa, Canada. U20S cells were grown in 15 cm plates to 100%
confluency. Cells were infected with sucrose-purified virus at MOI 0.1 in complete media
at 37°C for approximately 60 hours until sufficient cytopathic effect is observed. Cells
were scraped off plates and resuspended by pipetting up and down vigorously. The cell
solution was centrifuged at 2000 g for 10 minutes to pellet cells. The supernatant was
discarded, and the pellet was resuspended in 1 mM Tris pH 9.0. The suspension was
frozen overnight at -80°C. The next day, the suspension was subjected to three freeze-
thaw cycles, where the suspension was thawed in a 37°C water bath for 15 minutes,
vortexed, then frozen again at -80°C for 30 minutes. The suspension was then
centrifuged at 2000 g for 10 minutes; the supernatant containing the virus was aliquoted
and stored at -80°C.

2.3 Plaque assay

Vero cells were seeded in 6-well plates at 6ES cells/well. The following day, cells
were infected with serially diluted virus for 1 hour. Agarose overlay containing a 1:1
mixture of 1% agarose and 2X DMEM with 20% FBS was added at 2 ml/well. Plaques
were counted 48 hours post-infection by eye.

2.4 Primary culture mouse neuron infection assay

Primary neuronal and endothelial cultures were cultured in 96-well plates, then

infected with FMT-eGFP, FMT-(MRB-G)-eGFP, MRB-eGFP, VSV-eGFP, or VSVA51-

eGFP at MOI 0.1 and 1. Cells were imaged in real time using the IncuCyte live cell
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imaging system (Sartorius). Four images per well were taken every two hours for a total
of 30 hours with the phase contrast and GFP channels. 2 biological replicates of this
experiment were performed with three technical replicates per sample. Representative
images and total green object area per well values were analyzed using IncuCyte
ZOOM software (Sartorius). Prism 8 software (GraphPad) was used to plot the mean
and standard deviation of GFP area over time and at 20 hours post-infection for the
different samples. Prism was used to perform a one-way ANOVA with a Dunnett’s post
hoc test for multiple comparisons of the uninfected control GFP levels to all virus
samples. ns = non-significant.
2.5 Time-course qPCR in NHA and U343 cells
Cell seeding and infection

NHA and U343 cells were seeded at 1.5E4 and 3E4 cells/well, respectively, into
96-well plates one day prior to infection. Cells were incubated with either FMT-eGFP,
FMT-(MRB-G)-eGFP, or PBS diluted in complete media at MOI 5 with three technical
replicates per sample.
Imaging

One plate of infected cells was imaged in real time using IncuCyte live cell
imaging, with four images taken per well in the GFP and phase contrast channel every 2
hours for a total of 24 hours. Representative images and total green object area per well
values were analyzed using IncuCyte ZOOM software (Sartorius). Prism 8 software
(GraphPad) was used to plot the mean and standard deviation of GFP area over time.

Prism was used to perform a two-way ANOVA with a Tukey’s post hoc test for multiple
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comparisons of the uninfected control to all virus samples, or comparing FMT-eGFP to
FMT-(MRB-G)-eGFP. ns = non-significant, * = significant, *** = very significant.
qPCR

In a parallel experiment, cells were incubated with virus for 0, 1, 2, 4, 8, 16, or 24
hours at 37°C. After the allotted incubation time, cells were lysed with 100 pl of RLT
buffer (Qiagen). Total RNA was extracted from infected cells using the 96 RNeasy kit
(Qiagen), as per the manufacturer’s instructions. RNA concentration was measured
using a BioTek plate reader to confirm extraction efficiency (data not shown). 10 ng of
RNA was reverse transcribed using either a FMT nucleoprotein mRNA-specific primer

containing a random sequence tag at its 5’ end (5'- GGCAGTATC

GTGAATTCGATGCTTTTTTTTTTTTTTTTTTTGTTAA-3’) or an oligo(dT)18 primer
(Thermo Fisher). Complementary deoxyribonucleic acid (cDNA) was amplified by Real-
Time PCR; amplicons were detected using the SYBR® Green (Qiagen) fluorescent
reporter on the CFX96 Touch Real-Time PCR Detection System (BioRad). FMT N
mMRNA-specific forward primers (5’- TAAGCTTCACTGCCGGTAGTTTAGG-3’) and tag-
specific primers (5-GGCAGTATCGTGAATTCGATGC-3’) were used to amplify FMT N
MRNA cDNA. The Hs_ GAPDH_2_SG_QuantiTect Primer Assay (Qiagen) was used to
amplify Gapdh mRNA from the oligo(dT)18 samples. The Hs_IFNB1_1_SG_QuantiTect
Primer Assay was used to amplify /fnb7 mRNA from the oligo(dT)18 samples. Raw C;
values were identified using the CFX Maestro (BioRad) software. AC; values were
calculated by subtracting the FMT N or Ifnb7 mRNA C;values from the Gapdh mRNA C;
values. The AAC; values (relative mRNA abundance) were calculated using the

equation 22¢t, Prism 8 software (GraphPad) was used to plot the mean and standard
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deviation of the relative mRNA transcript abundance over time. Prism was used to
perform a two-way ANOVA with a Tukey’s post hoc test for multiple comparisons of the
uninfected control transcript abundance to all virus samples, or comparing FMT-eGFP
versus FMT-(MRB-G)-eGFP. ns = non-significant, *** = very significant, ** = very
significant.
2.6 IFNB1 ELISA in NHA cells

NHA cells were seeded in 96-well plates at 1.5E4 cells/well the day before
infection. Astrocytes were infected with FMT-eGFP, FMT-(MRB-G)-eGFP, or MRB-
eGFP at MOI 5, and incubated at 37°C. After 24 hours post-infection, supernatants were
collected and IFNB1 concentration was analyzed with a 96-well human IFN-beta ELISA
kit (Biotechne), as per the manufacturer’s instructions. 2 biological replicates of this
experiment were performed with two technical replicates per sample. Prism 8 software
(GraphPad) was used to plot the mean and standard deviation of the IFN[31
concentration. Prism was used to perform a one-way ANOVA with a Tukey’s post hoc
test for multiple comparisons of the different samples. *** = very significant, ### = very
significant, ns = non-significant.
2.7 IFNB1-Neutralization in mouse cortical neurons

Mouse cortical neurons were seeded as previously described. Cells were
infected with FMT-eGFP or MRB-eGFP at MOI 0.1 in triplicate for 1 hour. After 1 hour,
mouse IFNB1-neutralizing antibodies (Biotechne) or control IgG antibodies from mouse
serum (Sigma) were added at different concentrations. Infected cells were imaged in
real time using IncuCyte life cell imaging, with four images taken per well in the GFP

and phase contrast channels every 2 hours for a total of 60 hours. Representative
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images and total green object area per well values were analyzed using IncuCyte
ZOOM software (Sartorius). Prism 8 software (GraphPad) was used to plot the mean
and standard deviation of GFP area over time, as well as the GFP area at 24 hours
post-infection. Prism was used to perform an unpaired t test, comparing GFP levels
from infected neurons in the presence of IFNB1-neutralizing antibodies versus control
IgG antibodies. ns = not significant, ** = very significant.
2.8 Viral attachment assay
Seeding and infection

NHA and U343 cells were seeded at 1.5E4 and 3E4 cells/well into 96-well plates
the day before infection. Cells were washed with ice-cold PBS three times, then bound
with FMT-eGFP, FMT-(MRB-G)-eGFP, or PBS at MOI 10 for 1 hour at 4°C in triplicate.
Cells were washed with ice-cold PBS three times to remove unbound virions, then lysed
with RLT buffer (Qiagen). Total RNA was extracted as previously described.
qPCR

A multiplex gPCR reaction with primers and fluorescent probes (IDT) were used
to amplify Gapdh mRNA and FMT-eGFP and FMT-(MRB-G)-eGFP viral genomes. The
primer-probe set for the FMT-eGFP and FMT-(MRB-G)-eGFP viral genomes was
designed to span a 155 bp region across the phosphoprotein and matrix protein
sequences of the FMT genome using Geneious software (BioMatters). The sequences
were 5-AGCGCTGCAGATCTTCACCAC-3’ (forward), 5'-
ACCGACGCATAACGACCGTATC-3’ (reverse), and 5'-
ISHEX/ITAGCCTAAC/ZEN/TCACGAACGTTCCTCTC/3IABKFQ/-3’ (probe). The Gapdh

primer and probe sequences were 5-TGTAGTTGAGGTCAATGAAGGG-3’ (forward),
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5-ACATCGCTCAGACACCATG-3’ (reverse), and 5’-/56-
FAM/AAGGTCGGA/ZEN/GTCAACGGATTTGGTC/3IABKFQ/-3’ (probe). 100 ng of RNA
was amplified using a TagMan RNA-to-Ct 1-Step Kit (Thermo Fisher) on the CFX96
Touch Real-Time PCR Detection System (BioRad). C; values were calculated as
previously described. Prism 8 software (GraphPad) was used to plot the mean and
standard deviation of the relative RNA abundance. Prism was used to perform an
unpaired t test comparing the relative RNA abundance of FMT-eGFP versus FMT-
(MRB-G)-eGFP. ** = very significant, * = significant.
Confocal imaging

U343 cells were seeded on coverslips the day prior to infection at 3E8
cells/coverslip. To improve adherence of NHA cells, coverslips were pre-treated with rat
tail collagen 1 (Corning) for 1 hour. Three days prior to infection, coverslips were
washed three times in PBS, then NHA cells were seeded at 3E4 cells/coverslip. Cells
were bound with FMT-eGFP, FMT-(MRB-G)-eGFP or PBS at MOI 50 for 1 hour at 4°C.
Cells were washed with ice-cold PBS three times. Coverslips were fixed and stained
with anti-FMT antibody before mounting with DAPI-fluoromount (Southern Biotech).
Single-slice images were taken at 60X magnification in the DAPI and FITC channels
with an Olympus FV-1000 confocal microscope. The laser settings for the DAPI and
FITC channels were HV 490 V, 1X gain, 5% offset, 10% laser intensity and HV 450 V,
1X gain, 5% offset, and 1% laser intensity, respectively. Brightness in the FITC channel
was adjusted equally in Imaged (NIH) among the different images to allow visualization
of viral puncta.

Titration

19



Viral stocks were titred via plaque or via qPCR. For the gPCR method, viral RNA
was extracted using the Viral RNA Isolation Kit (Qiagen) by Matteo Da Ros from
Turnstone Biologics. gPCR of the viral genomes was performed by Phil Charron using
the FMT genome-specific primers. Ct values were compared to a standard curve to
determine the quantity of viral genome present. Prism 8 software (GraphPad) was used
to plot the mean and standard deviation of the viral titres. Prism was used to perform an
unpaired t test comparing the titres determined by qPCR versus plaque assay. Ns =
non-significant.

2.9 Endosome acidification drug inhibitors

U343 cells were seeded into 96-well plates at 3E4 cells/well one day prior to
infection. Cells were incubated with endosomal acidification drug inhibitors bafilomycin
B1 (Cayman Chemicals), chloroquine diphosphate (BioTechne), or ammonium chloride
(Sigma) for 1 hour at 37°C. MRB-eGFP, FMT-(MRB-G)-eGFP, FMT-eGFP, VSV-eGFP,
or VACV-eGFP at MOI 0.1 was added. Cells were imaged in real time using IncuCyte
live cell imaging, with four images taken per well in the GFP and phase contrast
channels every 2 hours for a total of 40 hours. Representative images and total green
object area per well values were analyzed using IncuCyte ZOOM software (Sartorius).
In a parallel experiment, cells were incubated with drug, then YOYO-3 reagent was
added at 200 nM to monitor drug-induced cytotoxicity. Cells were imaged in the red
fluorescent protein (RFP) and phase contrast channels using the IncuCyte system as in
the parallel experiment. Prism 8 software (GraphPad) was used to plot the mean and
standard deviation of GFP or RFP area over time, as well as the GFP or RFP area at 14

and 20 hours post-infection, respectively. Prism was used to perform a one-way
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ANOVA, comparing GFP levels from infected cells with no drug compared to cells with
the highest drug concentration. *** = very significant, * = significant.
2.10 Indirect DiD-labeling of FMT and FMT-(MRB-G)

Vero cells were grown in 15 cm plates to over-confluence. Cells were incubated
with 25 uM lipophilic dye 1,1'-dioctactadecyl-3,3,3',3'-tetramethylindodicarbocyanine
(DiD, Thermo Fisher) diluted in 20 ml complete media for 18 hours. Labeled plates of
cells were washed three times with PBS, then infected with FMT, FMT-(MRB-G), or
PBS at MOI 3 diluted in 15 ml serum- and phenol-free DMEM (Gibco). When the
majority of cells were rounded (about 16-20 hours post-infection), media containing
viral particles was collected and filtered through a 0.22 ym Corning bottle-top vacuum
filter system (Sigma). Media stocks were titred using the plaque assay method.

2.11 Imaging of DiD-labeled viruses
Confocal

To confirm labeling, U343 cells seeded on coverslips were bound with DiD-
labeled FMT, FMT-(MRB-G) or PBS at MOI 50 for 1 hour at 4°C. Cells were washed
with ice-cold PBS three times. Coverslips were fixed and mounted with DAPI-
fluoromount (Southern Biotech). Single-slice images of each sample were taken at 60X
magnification in the DAPI and Alexa Fluor-647 channels with an Olympus FV-1000
confocal microscope. Brightness in the Alexa Fluor-647 channel was adjusted equally
among the different images in ImagedJ (NIH) to allow visualization of viral puncta.

High MOI infection in astrocytes
Astrocytes were seeded as previously described in 96-well plates. Cells were

infected with FMT-eGFP or FMT-(MRB-G)-eGFP at MOI 10, 50, or 100. Cells were

21



imaged in real time using the IncuCyte live cell imaging system (Sartorius). Four images
per well were taken every two hours for a total of 90 hours with the phase contrast and
GFP channels. Representative images and total green object area per well values were
analyzed using IncuCyte ZOOM software (Sartorius). Prism 8 software (GraphPad) was
used to plot the mean and standard deviation of GFP area over time.
Live cell imaging

U343 or NHA cells were seeded into 35 mm glass-bottom dishes (Ibidi) at 1.2E5
and 6E4 cells/dish, respectively. For NHA seeding, dishes were pre-treated with
collagen as previously described. After cells had grown to about 70% confluency, cells
were bound with DiD-labeled FMT-(MRB-G) at MOI 100 for 1 hour at 4°C, then washed
with cold PBS three times. The sample was mounted on the 40X oil objective of a wide-
field, epifluorescent DeltaVision Elite microscope (GE Life Sciences) with an
environmental chamber maintained at 37°C and 5% CO-2. The sample was quickly
focused, and three regions containing cells bound by virus were selected. The dish was
then flooded with 1.5 mL of warm phenol-free complete Astrocyte Media (ScienCell), or
phenol-free DMEM (Gibco) supplemented with 5% FBS. A 9 ym z-stack with 3 x 3 ym
slices was taken in the Cy5 and differential interference contrast (DIC) channels every
20 seconds for 1 hour. Time-lapse videos were deconvolved using softWoRx software
(GE LifeSciences).

For experiments involving co-localization of DiD-labeled virions with endosomal
markers, cells were transduced with Cell Light vectors (Thermo Fisher) expressing GFP
fused with early endosome associated protein 1 (EEA1), late endosomal protein Rab7,

or lysosomal-associated membrane protein 1 (LAMP1) at MOI 30, and incubated at
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37°C for 18 hours. Cells were infected with DiD-labeled virions and analyzed by live cell
imaging as previously described in the FITC, Cy5, and DIC channels.
2.12 Image analysis
Imaris

Video files were analyzed using Imaris software (Oxford Instruments). Three
regions of interest containing approximately 200 DiD-labeled virions were selected from
each sample for analysis. The Imaris “Spots” function was used to track intensity traces
of individual DiD-labeled virions over time. Virions with an estimated particle size
between 0.2 and 1 um? were included in the analysis, as previously described** 2192,
The Brownian motion 3D tracking algorithm was used to predict the position of moving
particles. Tracks of individual particles were ended when particles moved a distance
greater than 3 um, or a particle disappeared for longer than 40 seconds. Predicted
particle tracks were adjusted manually for accuracy.
Identification of dequenching events using R

Identification of “dequenching” events from the track intensity traces was
conducted in R (R Core Team, 2019). The R script was kindly written by Phil Charron at
the CHEO Research Institute Il, Ottawa, Canada. To eliminate outlier particles with
abnormal intensity values, intensity traces with baseline intensity values falling between
the 5" and 95" percentiles were chosen. Traces were then fit to a sigmoid curve with
the following equation:

Y =a(1 + explP o))

where initial values were settoa =1, b =1, and c = 1. Using the nlsLm formula from

the minpack.Im package in R, optimized parameter values were then interpolated to
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achieve a curve that fit the data efficiently. X values represented timepoints, and Y
represented particle intensity values. An R? value was obtained using the following
equation:
y = Zi(yi — Y/ Zilyi— §)?

where y; = particle intensity values, yi = predicted intensity values, and y = mean particle
intensity value. Intensity traces with a minimum R? value of 0.8 and a minimum 2-fold
increase in particle intensity were identified as dequenching events. Prism 8 software
(GraphPad) was used to plot the mean and standard deviation of the percentage of
imaged particles that underwent dequenching. Prism was used to perform a one-way
ANOVA, comparing percentage of dequenching amongst the different samples. ** =
very significant, * = significant.
Colocalization of DiD-labeled particles with endosomal markers

Three regions of interest containing approximately 50 dequenching virions were
selected from each sample, and the number of dequenching events was defined using
the previously described R script. The Imaris “Spots” function was used to track DiD-
labeled virions and labeled endosomes with a spot size of 0.8 um. The Imaris
“Colocalize Spots” function was used to colocalize endosome spots with virion spots
over time. Colocalized spots were defined as spots with a maximum distance of 0.4 um
between each other. Virions that dequenched in endosomes were defined as virions
with overlapping periods of colocalization and dequenching. “% Dequenching”
represented the number of virions dequenching when colocalized with labeled
endosomes divided by the number of virions dequenching when not colocalized with

labeled endosomes.
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3. RESULTS

3.1 FMT infection in primary culture mouse neurons

Our lab had demonstrated that FMT is neurosafe when intracranially injected into
mice. Interestingly, our preliminary data also demonstrated that intracranial injection of
the FMT-(MRB-G) virus was neurotoxic, whereas the MRB-(FMT-G) virus was neurosafe
(Figure 1A). These results suggested that the FMT glycoprotein may play a role in FMT'’s
neurosafety. However, the role of the glycoprotein and other potential biological
mechanisms underlying FMT’s neurosafety have not been elucidated. Several studies
have demonstrated that viral neuroattenuation is important for viral neurosafety 76:93-95,
This could suggest that FMT’s neurosafety may partially depend on an attenuated
capacity to infect normal brain cells. As well, FMT-(MRB-G)’s neurotoxicity may also
correlate with a greater capacity to infect brain cells. Therefore, the infectivity of FMT and
FMT-(MRB-G) in brain cells was explored in vitro.

Neurons from the cortex, striatum, and hippocampus as well as endothelial cells
from the blood brain barrier (BBB) of CD-1 mice were cultured in vitro for this experiment.
Cells were then infected with viruses encoding the enhanced green fluorescent protein
(eGFP) (Figure 1B), where eGFP expression and fluorescence acted as a positive
marker for infection %-°°. Cells were infected with FMT and FMT-(MRB-G) expressing
eGFP, known as FMT-eGFP and FMT-(MRB-G)-eGFP. As positive controls for neuronal
infection, cells were also infected with VSV wildtype and VSVA51 encoding eGFP
(labeled as VSV-eGFP and VSVA51-eGFP, respectively). MRB wildtype expressing
eGFP (MRB-eGFP) was used as a potential positive control as well, since MRB is known

to be neurovirulent 8. eGFP fluorescence in infected neurons and BBB endothelial cells
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was then monitored in real time using IncuCyte live cell imaging over the course of
infection (Figure 1C-F).

At 20 hours post-infection, the GFP area of neurons and BBB endothelial cells
infected with the positive control viruses VSV-eGFP and MRB-eGFP was very significant
compared to the uninfected sample, confirming the neurovirulence of these viruses.
VSVA51-eGFP infected neurons at similar levels to VSV-eGFP and MRB-eGFP as well.
However, its infection within BBB endothelial cells was attenuated. This could be due to
the higher expression and production of type 1 IFNs within BBB endothelial cells
compared to neurons 87:100,

In contrast, the GFP area of all cells infected with FMT-eGFP was not significant
compared to uninfected cells (Figure 1E-F). This suggested that FMT’s capacity to infect
neurons and endothelial cells of the BBB was attenuated. FMT-(MRB-G)-eGFP infection
within the four brain cell populations was very significant, suggesting that this virus was
neurovirulent. The contrast in neurovirulence between FMT-(MRB-G)-eGFP and FMT-
eGFP implied that the FMT glycoprotein may play a role in FMT’s neuroattenuation.
Overall, these results demonstrated that FMT has an attenuated capacity to infect
neurons relative to neurovirulent rhabdoviruses, and that this attenuation may be partially
dependent on the FMT glycoprotein. This data also correlated neurovirulence observed
in vitro with neurotoxicity seen in vivo, suggesting that FMT’s neurosafety may depend

on its attenuated capacity to infect brain cells.
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Figure 2. FMT infection in primary culture mouse neurons is attenuated. (A) Survival
of BALB/c mice after intracranial injection of FMT-(MRB-G) or MRB-(FMT-G) at 1E8 pfu.
Experiment was kindly performed by Beta Yadollahi at the CHEO Research Institute I,
Ottawa, Canada. N=5 biological replicates. (B) Schematic display of eGFP-expressing
FMT, VSV, and MRB variants; viral genes are shown in grey, blue, and yellow,
respectively. The red “M” gene in VSVA51-eGFP indicates a mutation in the M protein.
(C) Primary culture mouse neurons of cortical, hippocampal, and striatal origin and
endothelial cells from the blood brain barrier (BBB endothelial) were infected with the
eGFP-expressing viruses illustrated in (B) at MOI 1 and 0.1. eGFP levels from infected
cells were monitored in real time using IncuCyte live cell imaging. N=3 technical
replicates. (D) A panel of representative images show phase contrast and GFP
fluorescence microscopy images 20h post-infection in the four cell types. (E) eGFP levels
of infected cells at 20 hours post-infection in the four cell types. Statistics: one-way
ANOVA (F(5,10) = 105.1, p < 0.0001). Dunnett’s post hoc test for multiple comparisons:
ns = non-significant (FMT-eGFP versus Uninfected). Ns = non-significant. (F) A panel of
representative images show overlay of phase contrast and GFP fluorescence microscopy
images of blood brain barrier endothelial cells infected at MOI 0.01 over the course of
48h. Data in all figures represents group means +/- SD.
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3.2 Comparing viral transcript abundance in normal human astrocytes infected with
FMT-eGFP or FMT-(MRB-G)-eGFP

The contrast between FMT-eGFP and FMT-(MRB-G)-eGFP’s neurovirulence
profiles indicated that the FMT glycoprotein played a role in attenuating FMT infection in
brain cells. Viral entry is a glycoprotein-dependent step in the viral replication cycle 3'.
Therefore, we predicted that FMT viral entry was restricted relative to FMT-(MRB-G)
entry. Since viral transcription is the first step to occur after entry in the rhabdoviral
replication cycle %', we assumed that FMT transcript levels would be attenuated if its viral
entry was blocked. Thus, viral transcript abundance of FMT-eGFP and FMT-(MRB-G)-
eGFP was analyzed in normal brain cells. With the aim of investigating FMT infection in
human brain cells as well, this experiment was carried out in normal human astrocytes
(NHA). To first determine the infectivity of FMT-eGFP or FMT-(MRB-G)-eGFP in human
astrocytes, NHA cells were infected with both viruses and eGFP levels were monitored
via IncuCyte live cell imaging (Figure 2A, C). To investigate viral transcript levels in these
cells, the relative abundance of FMT nucleoprotein transcripts (FMT N) compared to
cellular Gapdh transcripts was quantitatively analyzed in NHA cells infected with FMT-
eGFP or FMT-(MRB-G)-eGFP at 0, 1, 2, 4, 8, 16, and 24 h post-infection (Figure 2B).

eGFP levels in FMT-eGFP and FMT-(MRB-G)-eGFP-infected cells were detected
around 6 and 10 hours post-infection, respectively. This disparity in the timing of eGFP
fluorescence was likely because eGFP was located after the nucleoprotein gene in FMT-
eGFP and after the glycoprotein gene in FMT-(MRB-G)-eGFP. As rhabdoviral transcript

abundance decreases with distance from the 3’ promoter '°?, the eGFP transgene in FMT-
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eGFP-infected cells was likely expressed earlier and in more abundance than in FMT-
(MRB-G)-eGFP-infected cells. In FMT-eGFP-infected cells, eGFP levels reached a
plateau around 16 hours, and reached non-significant levels compared to uninfected cells
at 24 hours. In contrast to FMT-eGFP, eGFP levels in FMT-(MRB-G)-eGFP-infected cells
continued to increase past 16 hours, and reached significant levels compared to
uninfected cells at 24 hours. These results indicated that FMT infection was blocked in
human astrocytes as well, and that the glycoprotein-dependent differential between FMT-
eGFP and FMT-(MRB-G)-eGFP may also exist within astrocytes.

Similar to the eGFP abundance, FMT N transcript abundance began to increase
around 8 hours post-infection with FMT-eGFP or FMT-(MRB-G)-eGFP. However, by 16
hours post-infection, transcript abundance in FMT-eGFP-infected cells had stopped
increasing, and reached non-significant levels compared to uninfected cells at 24 hours.
This correlated well with FMT-eGFP’s eGFP expression kinetics. In contrast, FMT-(MRB-
G)-eGFP transcript levels continued to increase up to 24 hours post-infection, where its
levels were very significant relative to uninfected cells. Therefore, FMT-eGFP’s transcript
abundance was attenuated relative to FMT-(MRB-G)-eGFP in astrocytes. This could
suggest that the glycoprotein-dependent block to FMT infection may occur prior to viral
transcription. Therefore, it is feasible that FMT infection is blocked at the level of viral

entry.

30



Figure 2. FMT-eGFP and FMT-(MRB-G)-eGFP infection in normal human astrocytes.
(A) NHA cells were infected with FMT-eGFP or FMT-(MRB-G)-eGFP at MOI 5. eGFP
levels in infected cells were monitored in real time using IncuCyte live cell imaging.
Statistics: two-way ANOVA (F(24, 72) = 59.86, p < 0.0001). Tukey’s post hoc test for
multiple comparisons: * = significant, ns = non-significant (FMT-(MRB-G)-eGFP or FMT-
eGFP versus Uninfected at 24 hours post-infection, respectively). N=3 technical
replicates. (B) Relative abundance of FMT N transcripts compared to human Gapdh
transcripts in infected NHA cells. FMT N transcripts and human Gapdh transcripts were
quantitatively analyzed at 0, 1, 2, 4, 8, 16, and 24 h post-infection via gPCR. Statistics:
two-way ANOVA (F(12, 42) = 86.65, p < 0.0001). Tukey’s post hoc test for multiple
comparisons: *** = very significant, * = significant, ns = non-significant (FMT-(MRB-G)-
eGFP or FMT-eGFP versus Uninfected at 24 hours post-infection, respectively). N = 3
technical replicates. (C) A panel of representative images show phase contrast and GFP
fluorescence microscopy images of the infected NHA cells from the experiments in panels
(A) and (B) over the course of infection. Data in all figures represents group means +/-
SD.
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3.3 Investigating the type 1 interferon response in FMT-infected brain cells

Our lab had previously demonstrated that FMT infection in human and mouse
fibroblasts induces interferon beta 1 expression which restricts its infection in these cells.
It is therefore possible that FMT infection in astrocytes and neurons is restricted by
interferon beta as well. Astrocytes act as a primary producer of interferon beta within the
brain 8. Thus, interferon beta 1 mMRNA and protein production were measured in
astrocytes infected with FMT, and the sensitivity of FMT’s replication cycle to interferon
beta signaling was measured in cortical neurons. As well, the differential between FMT-
eGFP and FMT-(MRB-G)-eGFP infection in brain cells could be explained by a differential
in the induction of interferon beta expression. Thus, interferon beta expression was
examined in astrocytes infected with FMT-(MRB-G)-eGFP as well.

To explore the induction of interferon beta in astrocytes infected with FMT-eGFP
or FMT-(MRB-G)-eGFP, the abundance of Ifnb7 mRNA in NHA cells infected with either
virus was quantitatively analyzed by qPCR at 0, 1, 2, 4, 8, 16, and 24 hours post-
infection (Figure 3A). Both viruses induced very significant /Ifnb1 expression in
astrocytes. However, FMT-eGFP appeared to induce Ifnb1 expression 8 hours earlier
than FMT-(MRB-G)-eGFP (Figure 3B). At 16 hours post-infection, /fnb1 expression in
FMT-eGFP-infected astrocytes was very significant relative to uninfected cells.
However, Ifnb1 expression in FMT-(MRB-G)-eGFP-infected astrocytes did not reach
significant levels until 24 hours post-infection. This suggests that the glycoprotein may
affect when the type 1 interferon response is induced. Therefore, the early induction of

the type 1 interferon response in FMT-eGFP-infected astrocytes could have inhibited
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FMT infection, whereas FMT-(MRB-G)-eGFP’s delayed interferon induction may have
failed to inhibit its infection before viral spreading occurred.

Next, we sought to determine if the expression of Ifnb1 would be correlated with
interferon beta 1 protein (IFNB1) expression in FMT-eGFP or FMT-(MRB-G)-eGFP-
infected astrocytes as well. To test this, NHA cells were infected with FMT-eGFP, FMT-
(MRB-G)-eGFP, or MRB-eGFP. MRB-eGFP acted as a negative control for IFNf1
protein induction, as the wildtype Maraba matrix protein inhibits /fnb? expression °. At
24 hours post-infection, IFNB1 protein concentration was measured in the supernatant
of infected cells via an enzyme-linked immunosorbent assay (ELISA) (Figure 3B). As
expected, IFNB1 concentration from the supernatant of MRB-eGFP-infected astrocytes
was non-significant relative to the uninfected control, with a mean concentration of
about 8 pg/ml. In contrast, the supernatant IFNf1 concentration from both FMT-eGFP-
and FMT-(MRB-G)-eGFP-infected astrocytes was very significant relative to the
uninfected control sample, with a mean concentration of about 216 and 214 pg/ml,
respectively. However, it is important to note that the ELISA kit was saturated for both
the FMT-eGFP and FMT-(MRB-G)-eGFP samples; therefore, the specific concentration
is likely not accurate. Despite this, this result suggested that both viruses are capable of
inducing significant IFNB1 expression, which correlated well with the Ifnb1 expression
data. As well, FMT’s significant expression of IFN31 protein may have restricted this
virus’ infection within astrocytes.

Since we had confirmed that FMT induced IFNB1 expression, the sensitivity of
FMT’s replication cycle to IFNB1 signaling was examined as well. In this experiment,

mouse cortical neurons were infected with FMT-eGFP at an MOI of 0.1, then incubated
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with interferon beta 1 (IFNB1) neutralizing antibodies or control immunoglobulin (IgG)
antibodies. Neurons were also infected with MRB-eGFP as a control; as this virus can
inhibit IFNB1, its replication cycle should not be inhibited by IFNB1-neutralizing
antibodies. To measure differences in the levels of infection for these viruses, eGFP
fluorescence of the infected cells was monitored via IncuCyte live cell imaging (Figure
3C-D).

As expected, eGFP levels in MRB-eGFP-infected cells were not significantly
impacted by IFNB1 neutralization at 24 hours post-infection, confirming this virus as a
negative control for this assay. (Figure 3E). In contrast, eGFP levels in FMT-eGFP-
infected neurons at 24 hours were very significant in the presence of IFN31-neutralizing
antibodies compared to eGFP levels with control antibodies. This suggested that FMT
induced IFNB1 production within cortical neurons. As well, the increase in FMT infection
upon blocking IFNB1 suggested that IFNB1-dependent signaling restricted FMT

infection within neurons.
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Figure 3. Characterization of the type 1 interferon response in FMT infection of
astrocytes and cortical neurons. (A) Abundance of Ifnb1 transcripts relative to host
Gapdh transcripts in normal human astrocytes (NHA) infected with FMT-eGFP or
FMT(MRB-G)-eGFP at MOI 5. Ifnb1 and Gapdh transcripts were quantitatively analyzed
ato0, 1, 2, 4, 8, 16, and 24 h post-infection via qPCR. Statistics: two-way ANOVA (F(12,
42) = 55.23, p < 0.0001). Tukey’s post hoc test for multiple comparisons: *** = very
significant, ### = very significant, ns = non-significant (FMT-eGFP or FMT-(MRB-G)-
eGFP versus Uninfected at 16 and 24 hours post-infection). (B) Concentration of IFN31
protein from the supernatant of NHA cells infected with FMT-eGFP, FMT-(MRB-G)-
eGFP, or MRB-eGFP at MOI 5. Supernatant of infected cells was collected 24 hours
post-infection. IFNB1 protein concentration was quantified via ELISA analysis. Statistics:
one-way ANOVA (F(3, 4) = 6941, p < 0.0001). Tukey’s post hoc test for multiple
comparisons: *** = very significant, ### = very significant, ns = non-significant (FMT-
eGFP, FMT-(MRB-G)-eGFP, or MRB-eGFP versus Uninfected). N = 2 technical
replicates. (C) Total eGFP levels of cortical neurons infected with MRB-eGFP or FMT-
eGFP in the presence or absence of IFNB1-blocking antibodies (a-IFNB1) or control IgG
antibodies. Neurons were infected at MOI 0.1, then incubated with antibodies. Total
eGFP fluorescence from infected cells was monitored in real time using IncuCyte live
cell imaging. (D) A panel of representative images show phase contrast and GFP
fluorescence microscopy images of the infected cortical neurons treated with IFN31-
blocking antibodies at 24h post-infection. (E) Total eGFP area at 24 hours post-infection
from experiment in panel (C). Statistics: unpaired t test; 1(6.508) = 4, p = 0.0029) for
FMT-eGFP with 10X a-IFNB1 versus 10X IgG. Unpaired t test; t(1.177) = 4, p = 0.3045)
for MRB-eGFP with 10X a-IFNB1 versus 10X IgG. ** = very significant, ns = not
significant. N = 3 technical replicates. Data in all figures represents group means +/-
SD.
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3.4 Comparing viral transcript abundance in glioblastoma cells infected with FMT-eGFP
and FMT-(MRB-G)-eGFP

Our viral transcription experiment suggested that viral entry mediated by the FMT
glycoprotein may be attenuated relative to the MRB glycoprotein in astrocytes. However,
FMT and MRB are both highly infectious in brain tumour cells €. This could suggest that
FMT viral entry is more efficient within brain cancer cells compared astrocytes. As well,
viral entry mediated by the FMT and MRB glycoproteins may be very similar within brain
tumour cells. To test this, we evaluated the viral transcription kinetics and eGFP
expression kinetics of FMT-eGFP and FMT-(MRB-G)-eGFP in U343 cells, a human
glioblastoma cell line that is known to be well infected by FMT €. In this experiment, U343
cells were infected with FMT-eGFP and FMT-(MRB-G)-eGFP at MOI 5. The relative
mMRNA abundance of FMT N mRNA compared to Gapdh mRNA was determined by gPCR
over the course of 24 hours (Figure 4A). To compare infection levels of the two viruses,
eGFP levels of infected cells were monitored using IncuCyte live cell imaging (Figure 4B-
C).

As expected, eGFP expression revealed that FMT-eGFP was very infectious within
U343 cells, confirming FMT’s tropism for brain cancer cells. The previously suggested
glycoprotein-dependent nature of FMT’s selectivity could indicate that FMT entry is more
efficient within brain cancer cells relative to normal brain cells. Interestingly, eGFP levels
in FMT-eGFP-and FMT-(MRB-G)-eGFP-infected U343 cells were very similar to each
other over the course of infection (Figure 4A, C). Viral transcript levels were very similar

between the two viruses as well (Figure 4B). The comparable eGFP expression and

38



transcription kinetics of FMT-eGFP and FMT-(MRB-G)-eGFP in U343 cells could suggest

that these two viruses enter U343 cells at similar efficiencies.
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Figure 4. FMT-eGFP and FMT-(MRB-G)-eGFP infection in U343 cells. (A) Human
U343 glioblastoma cells were infected with FMT-eGFP or FMT-(MRB-G)-eGFP at MOI
5. Total GFP fluorescence from infected cells was monitored in real time using IncuCyte
live cell imaging. N = 3 technical replicates. (B) Relative abundance of FMT N
transcripts compared to human Gapdh transcripts in cell infected with FMT-eGFP or
FMT-(MRB-G)-eGFP at MOI 5. FMT N transcripts and human Gapdh transcripts were
quantitatively analyzed at 0, 1, 2, 4, 8, 16, and 24 h post-infection. N = 3 technical
replicates. (C) A panel of representative images show phase contrast and GFP
fluorescence microscopy images of the infected U343 cells from the experiment in
panels (A) and (B) over the course of 24 h post-infection. Data in all figures represents
group means +/- SD.
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3.5 Viral attachment of FMT-eGFP and FMT-(MRB-G)-eGFP in U343 and NHA cells

FMT-eGFP’s attenuated viral transcript abundance in astrocytes implied that
FMT'’s replication cycle was blocked at a step prior to viral transcription. As well, the
contrast in transcript abundance between FMT-eGFP and FMT-(MRB-G)-eGFP-infected
cells suggested that the inhibition of FMT infection was glycoprotein-dependent. Since
viral entry is a glycoprotein-dependent step that precedes viral transcription 103-105,
FMT'’s replication cycle could be blocked at the level of viral entry in astrocytes. As viral
attachment to the cell surface is the first step of viral entry %, it is possible that FMT-
eGFP’s lower infectivity in astrocytes could be due to lower levels of viral attachment
relative to FMT-(MRB-G)-eGFP. Therefore, we compared the viral attachment levels of
FMT-eGFP to FMT-(MRB-G)-eGFP in astrocytes. Viral attachment was also studied in
U343 cells. As the infection kinetics of FMT-eGFP and FMT-(MRB-G)-eGFP were very
similar in U343 cells, we predicted that these two viruses would also share similar levels
of viral attachment. To test this, NHA and U343 cells were infected with the two viruses
at 4°C for 1 hour to allow attachment without internalization. The quantity of FMT-eGFP
or FMT-(MRB-G)-eGFP viral genomes relative to cellular Gapdh mRNA was measured
via gPCR (Figure 5A). The relative quantity of bound FMT-eGFP or FMT-(MRB-G)-
eGFP virions was also observed via confocal microscopy (Figure 5B).

To confirm that differences in viral attachment levels between FMT-eGFP and
FMT-(MRB-G)-eGFP were not due to differences in the amount of virus added, we first
confirmed the titre of each virus via plaque assay and gPCR (Figure 5C). Our titre

determined via plaque assay was very similar to the titre determined by qPCR for both
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viruses. Therefore, we were confident in the titre used within this experiment and could
therefore trust quantitative differences in the viral attachment of these two viruses.
Interestingly, viral attachment of FMT-eGFP virions was approximately 2.4-fold
lower than FMT-(MRB-G)-eGFP in astrocytes. This correlated with the results from the
confocal images, where less FMT-eGFP virions were observed binding to astrocytes
compared to FMT-(MRB-G)-eGFP. Together, these results suggested that FMT-eGFP’s
viral attachment to astrocytes may be limited relative to FMT-(MRB-G)-eGFP, which
could explain FMT’s attenuated infection in these cells. Despite having similar infection
kinetics in brain cancer cells, FMT-eGFP and FMT-(MRB-G)-eGFP demonstrated
significantly different levels of viral attachment to U343 cells as well. Viral attachment of
FMT-eGFP was 3.3-fold lower than FMT-(MRB-G)-eGFP in U343 cells. As well, less
FMT-eGFP particles were observed binding to U343 cells compared to FMT-(MRB-G)-
eGFP by confocal microscopy. However, the degree of FMT-eGFP’s viral attachment to
U343 cells may have reached a minimum threshold for infection that was not achieved
in astrocytes. Overall, attenuated viral attachment may be a contributing factor in FMT’s

lack of tropism for astrocytes.
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Figure 5. Viral attachment of FMT-eGFP and FMT-(MRB-G)-eGFP in U343 and NHA
cells. (A) Quantitation of FMT-eGFP or FMT-(MRB-G)-eGFP bound to U343 or NHA
cells. FMT-eGFP or FMT-(MRB-G)-eGFP virus were bound to U343 or NHA cells at
MOI 10 for 1 hour at 4°C. The relative RNA abundance of viral genomes to cellular
Gapdh mRNA was determined by gPCR analysis. Statistics: unpaired t test; t(7.519) =
4, p =0.0017) for FMT-eGFP versus FMT-(MRB-G)-eGFP in U343 cells. Unpaired t
test; 1(4.544) = 4, p = 0.0105) for FMT-eGFP versus FMT-(MRB-G)-eGFP in NHA cells.
** = very significant, # = significant. N = 3 technical replicates. (B) U343 or NHA cells
were bound with FMT-eGFP or FMT-(MRB-G)-eGFP at MOI 50 for 1 hour at 4°C. Cells
were fixed and stained with anti-FMT antibody and DAPI, then bound virus was
visualized by confocal microscopy. Image brightness was adjusted equally amongst all
images using ImageJ software. N = 3 technical replicates. (C) Confirmation of viral
titres. Viral stocks used in experiments (A) and (B) were titred via plaque assay and
gPCR. Viral RNA extraction for the gqPCR experiment was kindly performed by Matteo
Da Ros at the CHEO Research Institute I, Ottawa, Canada. qPCR of the viral titres was
kindly performed by Phil Charron at the CHEO Research Institute Il, Ottawa, Canada.
Statistics: unpaired t test; t(1.152) = 4, p = 0.3134) comparing titre of FMT-eGFP via
gPCR versus plaque assay. Unpaired t test; 1(0.5516) = 4, p = 0.6106) comparing titre
of FMT-(MRB-G)-eGFP via qPCR versus plaque assay. Ns = not significant. N = 3
biological replicates. Data in all figures represents group means +/- SD.
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3.6 FMT fusion in U343 cells

Our previous results suggested that FMT’s viral attachment to astrocytes may be
restricted, which could inhibit its infection in these cells. However, FMT’s entry may also
be inhibited at the level of viral fusion in astrocytes. Antiviral proteins or host
degradation pathways can restrict viral fusion, thus inhibiting viral infection 107199 FMT-
(MRB-G)-eGFP’s fusion process could be more efficient and/or productive in astrocytes
compared to FMT-eGFP as well. Additionally, FMT fusion may proceed more effectively
in brain cancer cells relative to astrocytes. We therefore sought to study FMT and FMT-
(MRB-G)’s viral fusion kinetics in astrocytes and U343 cells. In order to select the
correct assay for studying viral fusion kinetics, we sought to determine how FMT and
FMT-(MRB-G) viral fusion was triggered. Many rhabdoviruses such as VSV enter cells
via endocytosis, and require the low pH of endosomes to trigger viral fusion 1%-112, We
therefore predicted that FMT and FMT-(MRB-G) viral fusion would similarly require
endosome acidification.

To investigate this hypothesis, the sensitivity of FMT and FMT-(MRB-G)’s viral
fusion to endosome acidification was studied in U343 cells, as these cells are
successfully infected by FMT. We determined the sensitivity of FMT viral fusion to
endosome acidification by incubating U343 cells with drug inhibitors of this process. The
weak bases ammonium chloride (NH4Cl) and chloroquine were used, as they
accumulate in and raise the pH of endosomes 13114, We also used bafilomycin B1, a
specific inhibitor of the vacuolar-ATPase enzyme which is responsible for endosome
acidification ''5. After these drug inhibitors were added, cells were infected with FMT-

eGFP, FMT-(MRB-G)-eGFP, MRB-eGFP, VSV-eGFP, or vaccinia virus expressing
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eGFP (VACV-eGFP); cells were then imaged using IncuCyte live cell imaging (Figure
6A, B, D). As successful viral fusion results in viral gene expression, GFP fluorescence
was used as a positive marker for viral fusion. Since VSV requires endosome
acidification for its viral fusion, VSV-eGFP was used as a positive control. As MRB and
VSV share similar infection kinetics ¢°, we expected MRB-eGFP and FMT-(MRB-G)-
eGFP to be similarly sensitive to endosome acidification. Vaccinia virus can fuse directly
with the plasma membrane or in endosomes, meaning its fusion process can be pH-
independent or pH-dependent depending on the host cell ''6:117, Therefore, this virus
was used a potential negative control as its entry in U343 cells could be pH-
independent. To determine if eGFP expression was inhibited indirectly by drug-induced
cytotoxicity, cell viability in the presence of the drug inhibitors was tested using red
YOYO-3 staining. The RFP fluorescence was then quantified using IncuCyte live cell
imaging (Figure 6C).

Through analyzing YOYO-3 staining, no significant changes in cell viability were
observed with any of the drugs tested. Therefore, any differences in eGFP expression
could be attributed to the sensitivity of viral fusion to endosome acidification. As
expected, eGFP levels in cells infected with MRB-eGFP, VSV-eGFP, or FMT-(MRB-G)-
eGFP were significantly inhibited with all three drug inhibitors in a dose-dependent
manner. This demonstrated that the fusion of these viruses may be pH-dependent,
suggesting that they may fuse in endosomes in U343 cells. eGFP levels in cells infected
with FMT-eGFP or VACV-eGFP were also significantly inhibited by all three drugs,
suggesting that their viral fusion within U343 cells may be triggered by low pH.

Interestingly, FMT-eGFP and VACV-eGFP infection appeared to be less sensitive to
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chloroquine-mediated inhibition compared to the other viruses. VACV-eGFP was less
sensitive to NH4Cl and bafilomycin B1 inhibition as well. However, studies have
demonstrated that viruses which fuse in lysosomes are often less sensitive to
endosome acidification inhibitors '8, This suggested that FMT and VACV may have
fused in lysosomes. In conclusion, these results demonstrated that viral fusion of FMT

may be triggered by low pH in lysosomes.
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Figure 6. Effect of endosome acidification drug inhibitors on FMT viral fusion in
U343 cells. U343 cells were incubated with increasing concentrations of bafilomycin
B1, chloroquine, or ammonium chloride (NH4CI) for 1 hour. Cells were then infected
with FMT-eGFP, FMT-(MRB-G)-eGFP, MRB-eGFP, VSV-eGFP, or VACV-eGFP at MOI
0.1. (A) Total eGFP fluorescence from infected cells was monitored in real time using
IncuCyte live cell imaging. (B) eGFP levels of infected cells at 14 hours post-infection.
Statistics: one-way ANOVA (F(3, 8) = 5521, p < 0.0001, MRB-eGFP); (F(3, 8) = 576.7, p
< 0.0001, FMT-(MRB-G)-eGFP); (F(3, 8) = 178.5, p < 0.0001, FMT-eGFP); (F(3, 7) =
26051, p < 0.0001, VSV-eGFP); (F(3, 7) = 801.8, p < 0.0001, VACV-eGFP). No Drug
versus Bafilomycin B1, Chloroquine, or NH4CI. Dunnett’s post hoc test for multiple
comparisons: * = significant, *** = very significant. (C) Cytotoxicity of the drug inhibitors.
U343 cells were incubated with increasing concentrations of the three drugs in the
presence of YOYO-3 and imaged in the phase and RFP channels using IncuCyte live
cell imaging. Red object count represents the total number of YOYO-3 positive cells per
well. (D) A panel of representative images show phase contrast and GFP fluorescence
microscopy images of FMT-eGFP and FMT-(MRB-G)-eGFP infected U343 cells in the
presence of bafilomycin B1 at 20 hours post-infection.
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3.7 Characterization of DiD-labeled FMT and FMT-(MRB-G)

Our data suggested that FMT viral entry may be restricted in astrocytes, yet
unhindered in U343 cells. Thus, it seemed reasonable to explore if FMT entry was
inhibited at the level of viral fusion in astrocytes, but less restricted in U343 cells. As
well, we predicted that viral fusion of FMT-(MRB-G) would be relatively unhindered in
both cell lines.

To test this, viral fusion of FMT and FMT-(MRB-G) was quantified in NHA and
U343 cells using a lipid mixing assay. In this assay, viruses were labeled with the
lipophilic, self-quenching fluorescent dye 1,1'-dioctadecyl-3,3,3',3'-
tetramethylindodicarbocyanine (DiD). DiD remains self-quenched in the viral
membrane until viral fusion occurs, where the dye dilutes into the host membrane. If a
viral particle fuses in an endosome or lysosome, the dye dilutes and “dequenches”,
resulting in an increase in DiD fluorescence intensity 19120, These increases in DiD
intensity can be monitored by imaging cells infected with DiD-labeled viruses at high
MOlIs through time-lapse live cell microscopy.

First, FMT and FMT-(MRB-G) were indirectly labeled with DiD according to the
protocol described by the Langlois laboratory at the University of Ottawa '?'. To
indirectly label the viruses, vero cells were labeled with 25 yM DiD (or PBS as an
unlabeled control), then infected with FMT, FMT-(MRB-G), or PBS (for the uninfected
control). As rhabdoviruses are enveloped viruses 22, the DiD dye should be
incorporated into the viral membrane which buds out from host cell membrane. After
sufficient infection occurred, the supernatant containing the labeled viruses was

collected, filtered, and titred by the plaque assay technique. Titres revealed that DiD-
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labeled veros produced less virions than unlabeled veros (Figure 7B). Labeling likely
reduced cell viability to an extent, which could have reduced its ability to produce virus.
However, the titres of the DiD-labeled FMT and FMT-(MRB-G) (1.5E8 and 5.95E7
pfu/mL, respectively) were sufficiently high for use in the lipid mixing assay. These titres
also indicated that the labeled particles were infectious and could therefore be used to
study viral entry.

To validate labeling, the DiD fluorescence intensity of the labeled FMT, FMT-
(MRB-G), and uninfected preparations was determined. Labeled supernatants were
attached to U343 cells and imaged via confocal microscopy. DiD-labeled particles
were observed clustering around nuclei (Figure 7A). Particles were approximately
0.1 to 1 um in length, as expected for discrete rhabdovirus particles '23. Fluorescence
intensities of labeled particles ranged from 30 to 1200 arbitrary units (au) (Figure
S1), with an average intensity of approximately 370 au’s, as previously observed
91.92,124 " As well, no labeled particles were observed in uninfected samples from
labeled veros, suggesting that fluorescent particles from infected samples were
indeed labeled viruses and not labeled cell matter. Therefore, these results
suggested that viruses were successfully labeled with DiD.

In order to quantify large numbers of fusion events for analysis, lipid mixing
assays are typically performed at high MOls °'.°2. However, we first sought to
determine if infecting astrocytes with FMT or FMT-(MRB-G) at high MOls would
change the infection levels within these cells. To test this, astrocytes were infected
with FMT-eGFP or FMT-(MRB-B)-eGFP at MOI 0, 50, and 100. eGFP expression was

used as a marker for positive infection (Figure S2). It appeared that FMT-eGFP
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infection was similarly attenuated at all MOls tested. As well, FMT-(MRB-G)-eGFP
levels did not change drastically between the different MOls. Therefore, this
suggested that infection at high MOls would not affect the biology of infection.

As previously defined °1.92.124 g true dequenching event has a minimum two-
fold increase in DiD fluorescence intensity that occurs in a sigmoidal fashion. To
determine if DiD within the viral membrane was capable of dequenching upon lipid
mixing, the fluorescence intensity of DiD-labeled particles was monitored during
infection. As a positive control for viral fusion, U343 cells were infected with DiD-
labeled FMT-(MRB-G) at MOI 100. The DiD fluorescence intensity of the viral
particles was then tracked using time-lapse live cell imaging. As expected, sharp
increases in the DiD fluorescence intensity of DiD-labeled FMT-(MRB-G) particles
could be observed during the time-lapse (Figure 7C-D). These results indicated that
DiD was present in the viral membranes at self-quenching concentrations that could
dequench upon lipid mixing. Therefore, the labeled viral preparation could be used to

monitor viral fusion.
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Figure 7. Characterization of FMT and FMT-(MRB-G) indirectly labeled with DiD.
(A) Vero cells were labeled with DiD (DiD+) or PBS (DiD-) for the unlabeled control.
Labeled and unlabeled cells were then infected with FMT, FMT-(MRB-G), or PBS for
the uninfected control. After cell rounding was observed in infected samples, virus-
containing supernatant was collected, filtered, and titred. To test for labeling, U343
cells were bound with supernatant from DiD-labeled veros infected with FMT, FMT-
(MRB-G), or PBS (uninfected control) at MOI 50. Nuclei of cells were stained with
DAPI. Confocal images were taken in the Alexa-647 channel (DiD) or the DAPI
channel (nuclei). (B) Titres of all supernatants. N = 2 biological replicates. (C) Time-
lapse images of a DiD-labeled FMT-(MRB-G) particle during a dequenching event in
U343 cells. Images of the framed particle are enlarged in the bottom three images.
(D) Intensity trace for the particle framed in (C).
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3.8 Viral fusion of FMT and FMT-(MRB-G) in NHA and U343 cells

Next, viral fusion of DiD-labeled FMT and FMT-(MRB-G) was quantified in NHA
and U343 cells via the lipid mixing assay (Figure 8A, B). In this assay, the DiD intensity
of individual labeled viruses was monitored over the course of an hour. An R script was
then used to quantify the percentage of particles that underwent dequenching. As well,
the location of FMT and FMT-(MRB-G) viral fusion was determined by colocalizing
dequenching particles with endosomal markers.

Imaging revealed that the majority of particles did not undergo lipid mixing in all
samples, as observed in previous studies 2192124 |nterestingly, only 6% of FMT
particles underwent dequenching in astrocytes, whereas 16% of FMT particles
dequenched in U343 cells. This suggested that FMT’s viral fusion step was attenuated
in astrocytes compared to U343 cells. In contrast, 19% of FMT-(MRB-G) particles
underwent dequenching in astrocytes and 24% of particles dequenched in U343 cells.
This suggested that viral fusion of FMT-(MRB-G) in both astrocytes and U343 cells
occurred at similar levels to FMT in U343 cells. Therefore, higher levels of viral fusion
were correlated with successful viral infection. Consequently, FMT’s attenuated
infection in astrocytes could be due to its lower capacity to undergo viral fusion in these
cells. As well, FMT fusion appears to occur more efficiently in U343 cells relative to
astrocytes. Therefore, the differential in FMT’s selectivity for U343 cells compared to
astrocytes could be due to differences in the efficiency of viral fusion.

We next sought to determine where FMT fusion occurred in both NHA and U343
cells. Our drug inhibitor experiment in U343 cells suggested that FMT may fuse within

endosomes or lysosomes. To further explore this hypothesis, dequenching virions were
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colocalized with fluorescently-labeled endosomal markers, including the early
endosomal marker EEA1 25, the late endosomal marker Rab7 26, and the lysosomal
associated membrane protein LAMP1 27 (Figure 8C, D). On average, 79% and 87% of
FMT particles dequenched in LAMP1-positive compartments in astrocytes and U343
cells, respectively. This suggested that FMT primarily fuses within lysosomes in both
cell lines. Additionally, about 74% and 56% of FMT-(MRB-G) particles dequenched in
Rab7-positive compartments in astrocytes and U343 cells, respectively. As well,
approximately 34% and 25% of FMT-(MRB-G) particles dequenched within EEA1-
positive endosomes in NHA and U343 cells, respectively. This indicated that FMT-
(MRB-G) primarily fuses within late endosomes, with minimal fusion occurring in early
endosomes. Altogether, these results correlated well with the data from the drug
inhibitor experiment, which suggested that FMT fused in a more acidic compartment

than FMT-(MRB-G).
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Figure 8. Characterizing viral fusion of DiD-labeled FMT and FMT-(MRB-G) in NHA
and U343 cells. NHA and U343 cells were infected with DiD-labeled FMT or FMT-
(MRB-G) at MOI 100. Images were taken every 20 seconds in the DIC and Cy5
channels with an epifluorescent live cell microscope for 1 hour. (A) Percentage of
imaged particles that underwent dequenching. Individual particle intensities were
tracked over time with Imaris software. Dequenching events were quantified via R script
analysis. Statistics: one-way ANOVA (F(3, 7) = 20.51, p = 0.0008). Tukey’s post hoc
test for multiple comparisons: ** = very significant, * = significant (comparing FMT in
NHA to FMT in U343 or FMT-(MRB-G) in NHA). N = 3 technical replicates. (B) Images
of cells infected with DiD-labeled particles at beginning and end of time-lapse. (C)
Colocalization of DiD-labeled FMT or FMT-(MRB-G) with endosomal markers in NHA
and U343 cells. NHA and U343 cells were transduced with Cell Light vectors expressing
EEA1-eGFP, Rab7-eGFP, or LAMP1-eGFP. Cells were infected with DiD-labeled FMT
or FMT-(MRB-G), then imaged as previously described with additional images taken in
the FITC channel. Images represent particles colocalizing with endosomal markers
during dequenching. (D) Percentage of dequenching particles that colocalized with
endosomal markers. N = 3 technical replicates. Data in all figures represents group
means +/- SD.
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4. DISCUSSION

GBM is one of the deadliest forms of brain cancer. With a prognosis of 1 to 2
years with current treatment 43, novel therapies for treating this disease are greatly
needed. A number of oncolytic viruses with specific tropism for brain cancer cells are
currently in development for the treatment of GBM 7677128129 As intracranial injection is
an attractive route of administration for OVs in treating GBM 74445 identifying OVs that
balance neurosafety and oncotropism is critical. One OV that achieves this balance is
the oncolytic rhabdovirus known as the Farmington virus (FMT). However, the biological
mechanisms behind FMT’s neurosafety and oncotropism were previously elusive.

Our laboratory had demonstrated FMT’s neurosafety in both mice and nonhuman
primates. However, we had not investigated the factors underlying this unique
neurosafe profile. Our preliminary data suggested that FMT’s neurosafety may partially
depend on an attenuated capacity to infect normal brain cells. We suspected this
attenuation may depend on two main factors: the type 1 IFN response, and the FMT
glycoprotein. As we had characterized the IFN-dependent restriction of FMT infection in
fibroblasts, we predicted that FMT’s attenuated infection in normal brain cells would be
IFN-dependent. Additionally, we anticipated that the FMT glycoprotein would restrict
FMT infection in brain cells as well. Our studies comparing FMT and MRB pseudotypes
conveyed that the MRB glycoprotein was neurotropic, whereas the FMT glycoprotein
was not. However, there appeared to be no differential in the infectivity of FMT and
MRB in brain tumour cells. As viral entry is a glycoprotein-dependent step that dictates
tropism, we suspected that viral entry mediated by the FMT glycoprotein would be less

effective than with the MRB glycoprotein. As well, we suspected that viral entry
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mediated by either glycoprotein would proceed at similarly high levels in brain cancer
cells. Therefore, we hypothesized that FMT’s balance of oncotropism and neurosafety
was dependent on its distinct tropism for brain tumour cells relative to normal brain
cells, which was influenced by the IFN response and the FMT glycoprotein. The defined
study set out to investigate the contributions of the IFN response and the FMT
glycoprotein in FMT’s unique neurosafe and oncotropic profile.
4.1 Neurotropism in mouse neurons

Numerous studies have demonstrated a distinct correlation between
neurotoxicity and neurotropism of OVs 81-63.76.77 Therefore, we predicted that FMT’s
neurosafety would be similarly correlated with an attenuated capacity to infect normal
brain cells. To validate this concept, we examined the infectivity of FMT in mouse
neurons and BBB endothelial cells in vitro, using the neurotoxic viruses MRB, VSV, and
VSVAS51 as positive controls for neuronal infection. We also tested the infectivity of the
FMT variant pseudotyped with MRB, FMT-(MRB-G), as well. Our preliminary data with
this virus demonstrated that FMT-(MRB-G) was neurotoxic in vivo, whereas a MRB
variant pseudotyped with the FMT glycoprotein, MRB-(FMT-G), was neurosafe. This
suggested that the MRB glycoprotein was neurotropic whereas the FMT glycoprotein
was not. As FMT-(MRB-G) was neurotoxic, we expected this virus to be neurotropic. To
test the neurovirulence of these viruses, eGFP-expressing versions of the
aforementioned viruses were used as eGFP expression could serve as a marker for
positive infection 130,

FMT infection was attenuated in all neuronal populations. As previously

described for several neurosafe OVs 7677, FMT’s neuroattenuation correlated well with
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its neurosafe profile in vivo. Its neuroattenuation also correlated with our preliminary
data demonstrating a lack of FMT antigen present within mouse brain sections after IC
injection with FMT. While our in vivo data has demonstrated that FMT extends survival
in mouse models of GBM, we have not characterized FMT’s capacity to infect neurons
in the presence of a GBM tumour in vivo. The GBM tumour microenvironment is known
to influence cytokine signaling as well as mediate immune cell populations within the
brain 131133, Therefore, FMT’s infectivity in normal brain tissue could be characterized in
mouse models of GBM to account for these additional factors.

FMT infection was attenuated in BBB endothelial cells as well. These cells are
known to produce type 1 IFN in response to viral infection 34, which could act as a
protective mechanism against FMT. However, this result does not reflect FMT’s
capacity to pass the BBB in vivo. There are a number of unique mechanisms pertaining
to the BBB that inhibit viral entry into the brain, such as the presence of tight
intercellular junctions that restrict viral passage '3°. Thus, investigating FMT infection of
the BBB in vivo could help elucidate the mechanisms behind FMT entry into the brain
during intravenous administration.

Both wildtype VSV and MRB infected all neuronal populations and BBB
endothelial cells. This neurovirulence correlated well with their neurotoxic profiles in vivo
60-63  As well, the neurotropism of the VSV glycoprotein has been well-characterized,
and several studies have suggested that the MRB glycoprotein is similarly neurotropic
68 Both viruses are also capable of restricting the type 1 IFN response and host gene
transcription within normal cells, which likely enhanced their ability to infect these cells

60.64-67 Despite its sensitivity to IFN, VSVA51 infected all neuronal populations as well.
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This correlated well with its neurotoxicity observed in mice 5572, While this virus is more
IFN-sensitive than its wildtype counterpart, several studies have demonstrated that IFN
production, the IFN response, and basal ISG expression is restricted in neurons relative
to other tissues '36-138_Therefore, the restricted nature of the IFN response within
neurons may increase their susceptibility to this IFN-sensitive virus. In addition, VSVA51
uses the neurotropic VSV glycoprotein to enter these cells; therefore, it is likely that this
virus does not have a barrier to entry. In contrast, VSVA51 infection was attenuated
within BBB endothelial cells. While VSV may be able to enter these cells, IFN
production and the IFN response is higher in BBB endothelial cells compared to
neurons 8190 Therefore, this more active IFN response may restrict infection and viral
spreading of VSVA51 within BBB endothelial cells.

FMT-(MRB-G) infected all neurons and BBB endothelial cells as well, which
correlated well with its neurotoxic profile. However, our laboratory did not have
immunostaining results to demonstrate if this virus could infect normal brain cells in
vivo, which could further emphasize the link between neurotoxicity and neurovirulence.
Interestingly, FMT-(MRB-G) produced interferon in astrocytes. Unfortunately, we did not
evaluate if IFN signaling could limit FMT-(MRB-G) infection within neurons. However,
we demonstrated that /fnb1 expression was delayed in FMT-(MRB-G)-infected
astrocytes relative to FMT. This delayed expression of IFN may allow the virus enough
time to replicate and spread before the IFN response can exert its effects in neurons.
The similar neurovirulence profile of MRB and FMT-(MRB-G) suggested that the MRB
glycoprotein is neurotropic, as implied by Brun et al. 8. As well, the differential in

neurovirulence between FMT-(MRB-G) and FMT suggested that the FMT glycoprotein
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was not neurotropic. Testing the neurovirulence of MRB-(FMT-G) could help validate
the neuroattenuated nature of the FMT glycoprotein.

While neuroattenuation is likely an important factor in FMT’s neurosafety, there
may be additional factors affecting its neurosafety that are independent of neurotropism.
For example, the level of inflammation within the brain induced by OV treatment can
affect neurosafety as well. The release of DAMPs during tumour cell lysis and the
production of proinflammatory cytokines such as IFN can cause an inflammatory
response within the brain %'52_ While a certain level of inflammation is beneficial to
tumour reduction, excess inflammation within the brain can cause damage to healthy
brain tissues, encephalitis, edema, and even death '3%140_ Oncolytic herpes simplex
virus is neuroattenuated, yet IC injection of higher doses of this virus can induce
vascular leakage and fatal edema within the brain due to excess inflammation 5'. As
well, in a recent clinical trial using a neuroattenuated oncolytic poliovirus to treat GBM, a
number of patients experienced adverse neurological symptoms caused by
inflammation within the brain in a dose-dependent manner 4. Similarly, our in vivo
studies have demonstrated that IC doses of FMT above 1E7 plaque forming units
decreased survival in mice. While the cause of this phenomenon has not been studied,
the decreased survival is more likely due to excess inflammation caused by FMT, and
less likely because of increased viremia. Further studies characterizing the inflammation
within the brain with increasing doses of FMT could help elucidate the impact of

inflammation in FMT’s neurosafety.
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4.2 Viral entry
4.2.1 Viral transcript abundance in non-cancerous and cancerous brain cells

Our neurovirulence experiment demonstrated that FMT infection was attenuated
relative to FMT-(MRB-G), suggesting that this differential was glycoprotein-dependent.
As viral entry is a glycoprotein-mediated process 3°, we suspected that FMT infection in
normal brain cells may be restricted at the level of viral entry. In contrast, we predicted
that FMT-(MRB-G)’s viral entry would be less restricted in these cells. As FMT is a
rhabdovirus, we assumed that viral mMRNA transcription would be the first step following
viral entry 191, Therefore, if FMT’s viral entry was inhibited, viral transcript abundance
would be attenuated. To confirm the notion that FMT infection was inhibited at the level
of viral entry, we examined the abundance of viral transcripts in FMT-eGFP- and FMT-
(MRB-G)-eGFP-infected astrocytes at an MOI of 5. This MOl was used to ensure that
cells were saturated with virus, so that each cell would be infected with at least one
infectious particle '*2. We predicted that viral transcript abundance would be lower in
FMT-eGFP-infected astrocytes compared to FMT-(MRB-G)-eGFP-infected cells. As
well, we monitored eGFP levels within infected cells in parallel to monitor the level of
infection.

Indeed, FMT-eGFP-infected astrocytes had attenuated viral transcript levels
relative to FMT-(MRB-G)-eGFP. eGFP levels also correlated well with viral transcript
levels, with fewer GFP-positive cells in FMT-eGFP-infected astrocytes compared to
FMT-(MRB-G)-eGFP. The lack of viral transcripts in FMT-eGFP-infected astrocytes
could indicate that the viral genome did not enter the cytoplasm successfully %, which

could suggest restricted viral entry. One study also correlated reduced viral mMRNA
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accumulation with restricted viral entry of VSV in cells expressing IFITM3 42,
Alternatively, viral transcripts could be degraded by IFN-dependent cellular RNases,
such as RNase L #3. However, the glycoprotein-dependent nature of the differential in
viral transcript abundance suggested that FMT infection was restricted at the level of
viral entry.

As this experiment suggested that FMT-eGFP viral entry was blocked in
astrocytes relative to FMT-(MRB-G)-eGFP, we chose to examine the viral entry of these
two viruses in brain cancer cells as well. Brun et al. demonstrated that FMT and MRB
were highly lytic on 100% of the human brain cancer cell lines tested . This could
suggest that the efficiency of viral entry mediated by the FMT glycoprotein may be
similar to that of the MRB glycoprotein in brain cancer cells. Therefore, we would expect
that the glycoprotein-dependent differential between FMT-eGFP and FMT-(MRB-G)-
eGFP would disappear in brain cancer cells. To test this, we evaluated the viral
transcript abundance and eGFP expression of FMT-eGFP versus FMT-(MRB-G)-eGFP
in the glioblastoma cell line U343.

As expected, FMT-eGFP’s infectivity was greater in U343 cells than astrocytes or
neurons, confirming FMT’s tropism for brain cancer cells. This could suggest that the
FMT glycoprotein mediates more effective viral entry into U343 cells compared to NHA
cells. FMT’s oncotropism also echoed the selectivity of the VSV variants pseudotyped
with the LCMV or LASV glycoproteins 7%77. As well, our results demonstrated that FMT-
eGFP and FMT-(MRB-G)-eGFP had very similar transcription and eGFP expression
kinetics in U343 cells. Therefore, the glycoprotein-dependent differential in infectivity

between FMT-eGFP and FMT-(MRB-G)-eGFP was not present in U343 cells. This
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could indicate that viral entry mediated by the FMT glycoprotein and the MRB
glycoprotein is similarly efficient in U343 cells.
4.2.2 Viral attachment

Increased viral attachment is often correlated with greater infectivity 3. As viral
attachment is a glycoprotein-dependent step 29, it is feasible that the differential in
infectivity between FMT and FMT-(MRB-G) in astrocytes could be due to differences in
their binding capacities. The degree of viral attachment is dictated by interactions
between the glycoprotein and the viral entry receptor '44. VSV is known to use the
ubiquitously expressed low-density lipoprotein receptor (LDLR) as its primary viral entry
receptor 3. Preliminary data from our laboratory and Doug Mahoney'’s laboratory has
suggested that FMT and MRB both use LDLR to enter cancer cells. LDLR is known to
be expressed in U343 cells %, neurons, and astrocytes '#6. However, due to the
complexity of viral attachment '47-14° interactions with the LDLR receptor may differ
between the FMT and MRB glycoproteins, and they may also differ between cancer
cells and normal cells. It is therefore feasible that the infectivity of FMT and FMT-(MRB-
G) in cancerous and non-cancerous brain cells may be influenced by the degree of viral
attachment.

Our previous results implied that infection mediated by the FMT glycoprotein may
be less effective compared to the MRB glycoprotein in astrocytes. Therefore, we chose
to explore the possibility that the FMT glycoprotein may bind astrocytes less efficiently
than the MRB glycoprotein. Our results also suggested that the FMT glycoprotein and
MRB glycoprotein may mediate similar levels of viral entry in U343 cells. Thus, we

predicted that FMT and FMT-(MRB-G) would have similar levels of viral attachment in
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U343 cells. To test this, we evaluated the viral attachment of FMT-eGFP and FMT-
(MRB-G)-eGFP in U343 and NHA cells via gqPCR and microscopy.

Our gPCR results suggested that viral attachment of FMT-eGFP was about 2-3-
fold lower than FMT-(MRB-G)-eGFP in NHA cells. Our microscopy images revealed that
less FMT-eGFP virions were bound to NHA cells compared to FMT-(MRB-G)-eGFP as
well. Interestingly, the gPCR data implied that viral attachment of FMT-eGFP was about
4-fold lower than FMT-(MRB-G)-eGFP in U343 cells as well, which was similarly
demonstrated in the microscopy images. Thus, this experiment demonstrated a
differential in the viral attachment of the FMT glycoprotein compared to the MRB
glycoprotein in both cell lines. The differential in viral attachment between FMT-eGFP
and FMT-(MRB-G)-eGFP was unexpected, as these two viruses both infect U343 cells
successfully. However, it has been suggested that viruses can infect cells as long as
they meet the minimum threshold of viral attachment 33. Therefore, we can assume that
the MRB and FMT glycoproteins both mediated sufficient levels of binding to infect
U343 cells. This tropism for brain cancer cells has been previously suggested by Brun
et al. 8°. As well, our results suggested that the MRB glycoprotein mediated sufficient
binding to infect NHA cells as well, which was previously implied by MRB and MRB
MG1’s tropism for tissues of the CNS 0.

The differential in FMT’s tropism for U343 cells relative to NHA cells could be
explained by a difference in viral attachment. Cancer cells, including U343 cells, often
have upregulated expression of LDLR on their cell membranes as this protein can
enhance proliferation and migration of tumour cells %0151 Therefore, higher expression

of LDLR on U343 cells could increase the number of FMT glycoprotein-LDLR
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interactions, thus mediating greater viral attachment and infectivity in U343 cells
compared to astrocytes. Additionally, LDLR glycosylation patterns can differ between
cancerous and non-cancerous cells '52. Thus, the binding affinity of the FMT
glycoprotein to the LDLR receptor may be higher in U343 cells due to the presence of a
glycosylation pattern required for the interaction. While VSV uses LDLR to enter cells, it
has been suggested that the proteins phosphatidylserine, sialoglycolipids, or heparan
sulfate may act as coreceptors for VSV entry as well 53155, Thus, NHA cells may lack a
potential coreceptor required for FMT attachment that is present in U343 cells.

Our results suggested that viral attachment mediated by the FMT glycoprotein
was lower than with the MRB glycoprotein in both cell lines. However, this experiment
did not allow us to determine if the level of FMT attachment we had observed was due
to background levels of binding. This could have been achieved by using a negative
control virus that could not attach to NHA cells. The level of viral attachment of this
negative control virus would then be used to determine the background level of viral
attachment at various MOI’s. If the level of FMT attachment was below this background
level of binding, we could therefore assume that FMT does not attach to NHA cells.
4.2.3 pH-dependent viral fusion

Viral fusion is a glycoprotein-mediated step in viral entry. After viral attachment,
viruses can either fuse at the plasma membrane or within intracellular vesicles such as
endosomes *°. In the presence of specific environmental cues, the viral glycoprotein
undergoes a conformational change, triggering the fusion of the viral membrane and the
host membrane '#4. This then allows the release of the viral genome into the host cell to

begin viral replication. Antiviral proteins or host degradation pathways can restrict viral
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fusion, thus inhibiting successful viral infection 1°-1°°_ As a glycoprotein-mediated step,
we therefore explored the possibility that FMT fusion was restricted in astrocytes
relative to U343 cells. We also sought to determine if FMT fusion would be attenuated
relative to FMT-(MRB-G) in astrocytes.

In order to explore viral fusion of FMT and FMT-(MRB-G), we first needed to
determine where FMT and FMT-(MRB-G) viral fusion occurred within the host cell.
Rhabdoviruses such as VSV typically enter cells via endocytosis, and therefore fuse in
endosomes %6, VSV is known to fuse in early or late endosomes, and its fusion is
triggered by low pH %718 As FMT and MRB are both rhabdoviruses, we suspected that
viral fusion mediated by the FMT and MRB glycoproteins would also be triggered by low
pH in endosomes. To evaluate this, we tested the sensitivity of FMT-eGFP, FMT-(MRB-
G)-eGFP, MRB-eGFP, and VSV-eGFP infection to various endosomal acidification drug
inhibitors, such as bafilomycin B1, ammonium chloride (NH4CI), and chloroquine in
U343 cells. We also tested the sensitivity of VACV-eGFP infection to the drug inhibitors
as a potential negative control, as vaccinia virus fusion can be either pH-independent or
pH-dependent 116117,

As expected, the infection of VSV-eGFP in U343 cells was inhibited in a dose-
dependent manner by all three drugs. This was consistent with data from several
studies demonstrating the sensitivity of VSV infection to bafilomycin, ammonium
chloride, and chloroquine 1%%16°. MRB-eGFP and FMT-(MRB-G)-eGFP were also
similarly inhibited by the three drugs. This implied that viral fusion mediated by the MRB
and VSV glycoproteins was triggered by endosome acidification in U343 cells. Thus,

VSV-eGFP, MRB-eGFP, and FMT-(MRB-G)-eGFP likely fused within early or late
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endosomes, as described for VSV in the literature 57198, FMT-eGFP infection was
inhibited by bafilomycin and NH4Cl in a dose-dependent manner as well, yet its
infection was less sensitive to the drugs than VSV-eGFP, MRB-eGFP, and FMT-(MRB-
G)-eGFP. As well, FMT-eGFP infection was not inhibited by chloroquine at any dose. Its
sensitivity to bafilomycin and NH4Cl suggested that FMT fusion was triggered by
endosomal acidification within U343 cells. However, its lower sensitivity to these drugs
and to chloroquine could indicate that FMT fuses in a more acidic compartment than
MRB or VSV. More acidic vesicles such as lysosomes may require more drug to
neutralize their extremely low pH. As well, lower sensitivity to endosome acidification
drug inhibitors has been demonstrated for coronaviruses. Viral fusion of coronaviruses
occurs in lysosomes, and its infection was found to be less sensitive to bafilomycin,
chloroquine, and NH4CI compared to VSV '8, Thus, FMT may fuse in lysosomes in a
pH-dependent manner. VACV-eGFP was sensitive to all three drugs, yet its infection
was less sensitive than the other viruses tested. Thus, it is likely that VACV-eGFP fuses
in endosomes in a pH-dependent manner as well, as has been demonstrated in the
literature in several cell lines 11162, Thus, the lack of a true negative control in this
experiment could not eliminate the possibility that FMT viral fusion occurred in a pH-
independent manner. Measles virus, which typically fuses in a pH-independent manner
at the plasma membrane, has been found to be insensitive to endosome acidification
drug inhibitors 163, Comparing the sensitivity of FMT and measles infection to these
drugs could help eliminate the possibility of a pH-independent mechanism of viral fusion

for FMT.
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4.2.4 Quantitation of viral fusion

Our drug inhibitor experiment suggested that FMT fuses within lysosomes, and
that FMT-(MRB-G) fuses within early or late endosomes. This directed us to choose an
assay that could quantify viral fusion levels within the endolysosomal system and
simultaneously elucidate the intracellular location of viral fusion. A lipid mixing assay is
a well-characterized technique that can be used to quantify viral fusion levels, and can
determine the location of viral fusion within endosomes or lysosomes 91:92.119,120,124
Thus, we used a lipid mixing assay to compare the viral fusion levels of FMT and
FMT-(MRB-G) in NHA and U343 cells. We predicted that FMT fusion would be
restricted in astrocytes relative to U343 cells. As well, we hypothesized that FMT fusion
levels would be attenuated relative to FMT-(MRB-G) in astrocytes. To perform this
assay, FMT and FMT-(MRB-G) particles were indirectly labeled with the self-
quenching fluorescent dye DiD. NHA and U343 cells were then infected with the
labeled particles, and the DiD fluorescence intensity of the virions was monitored over
time using time-lapse fluorescence microscopy. The “dequenching” or lipid mixing
fusion events were quantified using an R script. To determine the location of FMT and
FMT-(MRB-G) viral fusion, we colocalized dequenching virions with the fluorescent
endosomal markers EEA1-GFP, Rab7-GFP, or LAMP1-GFP in both cell lines.

As expected, FMT fusion levels in astrocytes were lower than all other samples
tested. Only 6% of FMT particles underwent dequenching in astrocytes, whereas 16%
of FMT particles dequenched in U343 cells. As well, 19% of FMT-(MRB-G) particles
dequenched in NHA cells, and 24% dequenched in U343 cells. These results suggested

a correlation between viral fusion levels and infectivity. Indeed, numerous studies have
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correlated reduced viral fusion levels with restricted viral infection 92164165 Thus, FMT’s
restricted levels of viral fusion in astrocytes could limit its infection in these cells. The
restriction of FMT fusion within astrocytes could be due to a number of factors. While
FMT may use LDLR as its primary cell surface receptor, FMT may require a second
intracellular receptor to complete fusion that it cannot bind to in astrocytes. For
example, LASV uses a-dystroglycan as its cell surface receptor, and LAMP1 as its
intracellular receptor “°. However, LASV viral fusion is restricted in bird cells due to the
absence of a glycosylated residue in LAMP1 required for this interaction #'. Thus, FMT
fusion may be restricted in astrocytes due to poor interactions with a secondary receptor
within lysosomes. However, the FMT glycoprotein’s interactions with a secondary receptor
may be stronger and therefore more effective in U343 cells to mediate fusion.

FMT fusion may also be restricted by the antiviral actions of IFITM proteins. IFITM2
and IFITM3 are localized within late endosomes and lysosomes 3%'66_ These proteins can
restrict the formation of fusion pores 37 and disrupt endosomal cholesterol homeostasis
39 thus restricting the fusion of several RNA viruses. While the expression of these
proteins increases upon IFN signaling, basal levels of these proteins are sufficient to
block viral entry in numerous tissues, 2438, including astrocytes 6. Thus, it is possible
that IFITM proteins restricted FMT fusion within astrocytes.

Interestingly, dequenching FMT particles primarily colocalized with LAMP1-
positive vesicles in both NHA and U343 cells. As LAMP1 is a key marker for lysosomes
127 this colocalization indicated that FMT primarily fused within lysosomes in both cell
lines. LDLR is known to traffic to lysosomes after internalization '8; thus, LDLR’s
interaction with FMT may have helped traffic this virus to the lysosome. As well, our

drug inhibitor results indicated that the location of FMT fusion occurred in a more acidic
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compartment than FMT-(MRB-G). Indeed, dequenching FMT-(MRB-G) particles
primarily colocalized with Rab7-positive vesicles in both cell lines, with some
colocalization with EEA1. This suggested that FMT-(MRB-G) primarily fused within late
endosomes with minimal fusion in early endosomes. This echoed studies demonstrating
VSV viral fusion can occur within early or late endosomes 157:1%8_ The fact that FMT
fused within lysosomes could help explain its restricted fusion in astrocytes. A recent
study demonstrated that the fusion of IFITM3-positive vesicles with influenza- or Ebola
virus-bearing endosomes prior to viral fusion increased viral trafficking to lysosomes for
degradation, thus restricting their infection 2. As well, IFITM3 coating of lysosomes
bearing influenza particles is thought to restrict influenza’s viral fusion as well 6°. Thus,
it is possible that IFITM3 proteins in astrocytes restricted FMT fusion in lysosomes or
led to its degradation in these vesicles. In contrast, viruses that are not restricted by
IFITM3 proteins have been shown to fuse before interacting with IFITM3. LASV, an
IFITM3-insensitive virus, fuses in late endosomes or lysosomes before colocalizing with
IFITM3, thus allowing successful viral fusion and infection °2. Thus, FMT-(MRB-G) may
escape IFITM3-based restriction by fusing before interacting with this antiviral protein.
As well, FMT may escape IFITM3 antiviral action in U343 cells, thus allowing its fusion.
The impact of IFITM3 proteins on the viral fusion of FMT or FMT-(MRB-G) could be
established through colocalizing dequenching and non-dequenching labeled particles
with fluorescent IFITM3 proteins.
4.3 The type 1 IFN response

Since our preliminary data suggested that the IFN response restricted FMT

infection in fibroblasts, we decided to test the impact of the IFN response on FMT
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infection in normal brain cells. We hypothesized that FMT would induce Ifnb1 and IFN31
expression, which would then inhibit its replication cycle. As a negative control for IFN
expression, we also characterized the influence of the IFN response on MRB infection as
well. As this virus blocks IFN expression °, we expected to observe low IFN expression
from MRB-infected brain cells and little to no inhibition of its replication cycle by IFN-
blocking antibodies. Our neuron experiment demonstrated that FMT-(MRB-G) was more
neurovirulent than FMT, which could suggest that the MRB glycoprotein is more
neurotropic than the FMT glycoprotein. However, we chose to explore the possibility
that the induction of IFN expression was glycoprotein-dependent. Studies have
demonstrated that certain viral glycoproteins can induce the IFN response through
interactions with toll-like receptors during viral attachment or endocytosis, thus
restricting infection early on in the replication cycle %7917 Therefore, we examined the
IFN response in both FMT-eGFP and FMT-(MRB-G)-eGFP-infected brain cells. We
hypothesized that FMT may induce an earlier or more potent IFN response than FMT-
(MRB-G) which could possibly restrict FMT infection.
4.3.1 Interferon beta expression and production

Ifnb1 expression was quantified via gqPCR in astrocytes infected with FMT-eGFP or
FMT-(MRB-G)-eGFP. Interestingly, /fnb7 mRNA and FMT N mRNA were both initially
observed around 8 hours in FMT-eGFP-infected astrocytes. The similarity in this timing
could suggest that the IFN response was initiated by FMT at a step prior to viral
transcription. As seen in the literature °%17%.1771 the FMT glycoprotein may contain a
pathogen-associated molecular pattern (PAMP) in its sequence that was recognized by the

toll-like receptor 4 (TLR4) during viral attachment, thus initiating /fnb1 expression.
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Alternatively, the FMT genome may have interacted with PRRs during viral entry. The toll-
like receptor 7, TLR7, recognizes ssRNA viral genomes '72. One group found that TLR7
recognition of dengue virus and influenza virus was linked to viral fusion in endosomes '73.
It is therefore possible that viral fusion mediated by the FMT glycoprotein may mediate
interactions with TLR7 that could induce IFN expression.

In contrast, Ifnb7 mMRNA expression occurred 8 hours after FMT N mRNA was first
observed in FMT-(MRB-G)-eGFP-infected astrocytes. This could suggest that the IFN
response was initiated during viral transcription in FMT-(MRB-G)-infected astrocytes. The
PRR retinoic-acid-inducible gene 1 (RIG-1) is known to recognize RNA viral genomes in
human astrocytes '74. Therefore, FMT-(MRB-G) viral RNA may have initiated the IFN
response through interactions with RIG-1. FMT-(MRB-G)’s late initiation of /fnb1 may also
suggest that this virus escaped PRR-dependent recognition during viral entry. It is possible
that the MRB glycoprotein sequence does not contain the correct PAMPs for TLR-
dependent recognition during viral entry. Alternatively, the MRB glycoprotein may inhibit the
IFN response directly or indirectly in the early stages of infection. There are several
examples of viral proteins that inhibit various aspects of the IFN response. For example, the
Yaba-like disease virus secretes a glycoprotein known as Y136 which can bind and inhibit
type 1 IFNs 75, Similarly, the Ebola viral protein VP35 antagonizes the RIG-1-like receptor
pathway and binds immunostimulatory viral and host RNAs, thus inhibiting the initiation of
the interferon response 6. Therefore, the MRB glycoprotein may similarly inhibit IFN
expression in astrocytes.

As expected, MRB-eGFP-infected astrocytes secreted very little IFNB1, which was

likely a result of the inhibition of IFN expression by the MRB matrix protein . In contrast,
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IFNB1 was secreted by both FMT-eGFP- and FMT-(MRB-G)-eGFP-infected astrocytes at
24 hours post-infection. This correlated with the detection of /fnb7 mRNA at 24 hours, and
with the high capacity of astrocytes to produce IFNB1 in response to RNA virus infection 177.
High expression of IFNB1 in astrocytes is essential to protecting brain tissues from
infection, and to the maintenance of BBB structural integrity 8. Therefore, FMT's ability to
induce IFNB1 expression in astrocytes may play a key role in FMT’s neurosafety.
Unfortunately, the level of IFNB1 produced in response to the two viruses was higher than
the maximum detection level of the ELISA kit. Therefore, the exact concentration of IFN(31
produced in response to FMT versus FMT-(MRB-G) was unknown. Determining this
concentration of IFNB1 could elucidate a differential in the levels of IFNB1 produced by the
two viruses, which could potentially explain their different levels of infection in astrocytes. As
well, correlating IFNB1 levels to Ifnb7 mRNA levels at different timepoints post-infection
could support the concept of glycoprotein-dependent IFN expression.

Overall, these results suggested that FMT and FMT-(MRB-G) both produced IFN in
astrocytes. The differential in the initiation of /fnb1 expression with FMT versus FMT-(MRB-
G) could affect the infectivity of these two viruses in brain cells. The glycoprotein-dependent
initiation of IFN expression could be further characterized through the use of virus-like
particles (VLPs) pseudotyped with the FMT or MRB glycoprotein, or with the MRB-(FMT-G)
virus.

4.3.2 Interferon beta dependent viral restriction

Finally, we studied the effect of IFN signaling on FMT and MRB infection in cortical

neurons by blocking IFNB1 with neutralizing antibodies. As expected, MRB infected

neurons in the presence of both anti-IFNB1 and control antibodies at all concentrations. As
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our IFNB1 ELISA results suggested, MRB likely blocked IFN production upon infection,
therefore the antibodies would have no IFNB1 to block. In contrast, FMT demonstrated
minimal infection in neurons in the presence of control antibodies. However, FMT infection
increased significantly in the presence of IFNB1-blocking antibodies. When IFNB1 is
secreted by infected cells, IFNB1 binds to the IFNAR of both infected and uninfected cells
20.21 Downstream signaling from this receptor induces the expression of ISGs, which then
restrict viral replication at all stages of the replication cycle in both infected and uninfected
cells 2223, Therefore, IFNB1-dependent signaling may have induced the expression of
various ISGs that then restricted FMT infection within infected and uninfected cells.
However, dose-dependent inhibition of FMT infection with the different concentrations of
IFNB1-blocking antibodies was not observed. It is possible that the 4X and 10X
concentrations of antibodies both saturated the levels of IFN31 present. To truly observe a
dose-dependent inhibition of FMT infection, lower concentrations of IFNB1-blocking
antibodies could be used. As well, characterizing the impact of the IFN response on the
infection of FMT-(MRB-G) in astrocytes could help to further investigate the glycoprotein-
dependent nature of the IFN response.
4.4 Concluding remarks

In this project, we set out to investigate the biological mechanisms underlying
FMT’s neurosafety and oncotropism. We found that FMT’s neurosafety may in part be
due to its attenuated infection in both neurons and astrocytes. Our results suggested
that a key factor dictating FMT’s attenuated infection within normal brain cells was the
type 1 IFN response. FMT induced type 1 IFN expression within astrocytes and

neurons, and IFN-dependent signaling appeared to restrict FMT infection and spread
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within neurons. The FMT glycoprotein may also be an important factor governing FMT’s
restricted infection within normal brain cells. Our results suggested that FMT was
blocked at an early stage of infection within astrocytes, and that this block was
glycoprotein-dependent. It appeared that viral binding and fusion in astrocytes mediated
by the FMT glycoprotein was less effective relative to neurotropic viruses. Our data also
indicated that the FMT glycoprotein played a role in dictating FMT’s tropism for brain
cancer cells, as the FMT glycoprotein mediated greater levels of viral fusion within brain
cancer cells compared to astrocytes.

Our results demonstrated that FMT viral entry in astrocytes may be restricted.
However, FMT’s viral entry was not characterized within neurons. Our neuron
experiment and neurotoxicity in vivo data suggested that the FMT glycoprotein may be
important for FMT’s neuroattenuation. Therefore, similar glycoprotein-dependent
mechanisms of restriction may also apply to neurons. Thus, all viral entry experiments
should be repeated within neurons to better elucidate this role.

As well, we did not fully determine how the FMT glycoprotein restricted FMT
infection within normal brain cells yet mediated successful infection within brain cancer
cells. For example, we were not able to determine if the level of FMT viral attachment
we observed in astrocytes was above background levels of binding. To determine the
background level of viral attachment, the binding of a virus known to not bind astrocytes
could be used as a negative control. As well, our experiment could not compare FMT
viral binding levels between U343 cells and astrocytes. This could be elucidated through
flow cytometry-based assays to better quantify the number of cells as well as the

degree of viral binding. While our data demonstrated that FMT fusion was limited in
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astrocytes relative to U343 cells, we were not able to elucidate a mechanism behind this
restriction. As FMT fused within lysosomes, lysosomal-dependent degradation of FMT
particles could be measured as a potential mechanism of restriction within astrocytes.
IFITM proteins are also known to restrict viral fusion within normal cells. Therefore, FMT
infection could be measured in IFITM knockout cells to elucidate the impact of these
antiviral proteins in FMT restriction. Overall, there is a lack of information regarding the
host proteins required to mediate successful viral entry of FMT. Therefore, an siRNA
screen could be used to determine important factors needed for FMT viral entry.

Our results suggested that IFN signaling restricted FMT infection within neurons.
However, this was not proven in astrocytes. Therefore, a similar IFN-neutralization
experiment could be performed to elucidate the impact of IFN signaling on FMT
infection within astrocytes. As well, our qPCR results suggested that FMT induced Ifnb1
expression 8 hours earlier than FMT-(MRB-G). This suggested a potential link between
the viral glycoprotein and the induction of the IFN response. Potentially, the FMT
glycoprotein may interact with various toll-like receptors during viral entry that then
trigger the IFN response. These viral glycoprotein-receptor interactions could be tested
through the use of VLPs expressing the FMT glycoprotein or with the MRB variant
MRB-(FMT-G). Alternatively, the MRB glycoprotein may delay IFN expression within
astrocytes. This could be evaluated through challenging cells with IFN-inducing agents
such as poly I:C "8, expressing the MRB glycoprotein within cells, and quantifying /fnb1
expression.

While our experiments characterized FMT and FMT-(MRB-G) infection in normal

brain cells in vitro, it is possible that these infection levels may change in vivo in the
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presence of a GBM tumour. Therefore, characterizing FMT and FMT-(MRB-G) infection
within GBM mouse models in vivo could help elucidate any changes to tropism.
Additionally, FMT-induced inflammation within the brain and its relation to neurosafety
has not been fully characterized. Thus, characterizing cytokine and immune populations
alongside neurological function within mouse brains post-IC injection with FMT could
help elucidate this role.

More experiments are necessary to fully characterize the biological mechanisms
underlying FMT’s neurosafety and oncotropism. However, this study highlighted the
importance of the viral glycoprotein and the type 1 interferon response in dictating this
tropism. Further characterizing the virus-host interactions governing the selectivity of
OVs is necessary to improve the safety and efficacy of these therapies for the treatment

of GBM.
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APPENDIX

Supplementary Figures
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Figure S1. Fluorescence intensity of DiD-labeled FMT particles. FMT was indirectly
labeled with DiD dye then bound to U343 cells stained with DAPI. Cells were imaged via
confocal microscopy in the Alexa-647 and DAPI channels. Particle intensities were
quantified via ImagedJ analysis.
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Figure S2. FMT-eGFP and FMT-(MRB-G)-eGFP infection at high MOls in normal
human astrocytes. (A) NHA cells were infected with FMT-eGFP or FMT-(MRB-G)-
eGFP at MOI 10, 50, or 100. Total GFP fluorescence from infected cells was monitored
in real time using IncuCyte live cell imaging for a total of 90 hours. N = 3 technical
replicates. Data in all figures represents group means +/- SD. (C) A panel of
representative images show overlay phase contrast and GFP fluorescence microscopy
images of the infected NHA cells at 24 hours post-infection.
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