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Lay Abstract

Viruses and their hosts continuously fight each other for survival. The host tries to protect
itself from the virus by activating various features of its immune system, while the virus tries to
block and evade detection by the immune system. One way that some viruses attempt to bypass
the immune system and enhance spread involves expressing proteins that can merge together
infected cells with neighboring uninfected cells. Cell-cell fusion disrupts the balanced
environment within the cell, which is a form of stress that may activate immune responses. This
work investigates if and how host cells may activate the immune system to respond and protect
themselves from the cell merging activity of select viruses. We found that the stress associated
with existing as a large, fused cell caused DNA damage and fragmentation. These DNA
fragments could stimulate key immune sensors and initiate immune responses. We also observed
an impaired ability of viruses to infect fused cells, but this restriction was not associated with
typical immune responses, suggesting that some other biological change in fused cells created an
environment that is not suitable for viral spread. Further investigation is required to fully
understand this phenomenon; however, this study highlights some protective mechanisms of the
host immune system in response to the stress of viral fusion protein induced cell-cell fusion.
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Abstract

The innate immune system is the first line of defence against viral infections.
Conventionally, innate immune activation begins with the detection of foreign nucleic acids by
pattern recognition receptors (PRRs), which triggers a signalling cascade that culminates in the
production of interferon (IFN) and other inflammatory cytokines and chemokines. Over the past
few years, a number of studies have shown that IFN innate immune responses can also be
triggered by stressors, such as membrane perturbations, cytoskeletal perturbations, oxidative
stress, and endoplasmic reticulum (ER) stress 3. One way that some viruses provoke such stress
responses is through membrane and cytoskeletal distortions during enveloped virus particle
entry. In some cases, the glycoproteins responsible for virus particle entry can also trigger cell-
cell fusion. The potential of cell-cell fusion to induce stress-based IFN responses analogous to
those triggered by virus-cell fusion has not been addressed until very recently. To investigate if
and how cell-cell fusion may induce antiviral mechanisms and IFN responses we used the
reptilian reovirus p14 fusion associated small transmembrane (FAST) protein as a model of cell-
cell fusion. We found that pl14-mediated cell fusion led to the production of low level IFN and
upregulation of interferon stimulated genes (ISGs) in a stimulator of interferon genes (STING)
and interferon regulatory factor 3 (IRF3) dependent manner. We also observed that
multinucleated cells experienced extensive DNA-damage that led to the accumulation of
cytosolic DNA in the form of micronuclei. Micronuclei can be detected by cytosolic DNA PRRs
like cyclic GMP-AMP synthase (¢cGAS) and signal IFN production through the cGAS-STING
signalling axis. Additionally, early syncytia formation restricted replication of vesicular
stomatitis virus (VSV), herpes simplex virus-1 (HSV), and vaccinia virus (VSV) in an I[FN and
IRF3 independent, and STING dependent manner, suggesting involvement of either a novel
antiviral mechanism or suppression of virus replication and spread by biological changes in
syncytial cells, such as cell cycle arrest. This study highlights a key role of DNA sensing
pathways in the immune response to cell fusion associated stress and points out the importance
of fusion kinetics in the selective advantage of syncytial viruses. Understanding the potential of
syncytial cells to induce IFN responses and influence viral replication at a mechanistic level is
beneficial to the design of improved oncolytic immunotherapy.
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Introduction

The Innate Immune Response

Humans are routinely exposed to millions of pathogens in their environment and the
immune system serves to protect against these invaders. The adaptive immune system applies
robust, pathogen specific responses to clear an infection; however, this response is slow to
develop upon exposure to a new pathogen. Without additional protective measures, this time
delay would allow a pathogen to replicate and cause extensive damage to the host. Thus, the
innate immune system faces the task of protecting the host during the first few critical days of
infection. The innate immune system detects conserved features of pathogens that are absent in
the host, referred to as pathogen-associated molecular patterns (PAMPs), and quickly initiates an
inflammatory response to help clear the invader®.

Pattern recognition receptors (PRRs) are located in various compartments of the cells and
detect PAMPs such as glycans, nucleic acids, and proteins®. For instance, formylmethionine-
containing peptides are unique to prokaryotes and can be identified by the innate immune system
as a bacterial infection*. Additionally, outer surface molecules of many microorganisms such as
the peptidoglycan cell wall and flagella of bacteria, as well as lipopolysaccharide (LPS) on
Gram-negative bacteria and teichoic acids on Gram-positive bacteria do not occur in their
multicellular hosts, making these molecules effective immunostimulants*. Double-stranded RNA
is one of the most common PAMPs in the detection of viral infections®.

There are four main types of PRRs: Toll-like receptors (TLRs); retinoic acid-inducible
gene I (RIG-I)-like receptors (RLRs); nucleotide-binding oligomerization domain-like receptors
(NLRs); and C-type lectin receptors (CLRs) °. TLRs are found on the cell or endosomal
membrane and recognize a wide range of PAMPs including lipids, lipoproteins, proteins,
glycans, and nucleic acids °. RLRs and NLRs serve as a cytosolic detection system, with RLRs
like RIG-I and MDAS, recognizing viral RNA and NLRs recognizing viral and bacterial DNA,
as well as other bacterial PAMPs through the assembly of inflammasomes®. CLRs are
transmembrane proteins located at the cell membrane, which recognize glycans®. Depending on
the type of PRR activated varying signalling cascades are initiated leading to the production of
interferons (IFN) and other pro-inflammatory cytokines in the infected cells 7.

Although downstream signalling cascades vary depending on the type of PRR activated,
they all generally involve the activation of key transcription factors: namely, interferon
regulatory factor 3 (IRF3), IRF7 and NF-kB, which induce transcription of IFN 8. Type I IFNs
are the principal cytokines involved in the antiviral response, and they include IFN-a, IFN-f, as
well as several other isoforms 7. All nucleated cells can respond to viral infection by inducing
type I IFN, whereas type I IFN (IFN-y) are exclusively produced by T cells and NK cells °.
Type III IFN (IFN-A) resemble type I IFN in mechanism of action, although they target different
receptors '°, Interferons are produced in infected cells and can protect neighbouring cells by
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binding to IFN receptors (IFNAR) and initiating the activation of the ISGF3 transcription factor
complex, composed of STAT1, STAT2, and IRF9 °. The activated ISGF3 complex induces
expression of a specific subset of interferon stimulated genes (ISGs), whose protein products
mediate the antiviral, immunostimulatory, and antiproliferative effects of these cytokines 7.
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Figure 1. Schematic of key signalling pathways of the innate immune response. Created with BioRender.com. Viral
nucleic acids can be detected by DNA and RNA sensors in the cytoplasm or endosome. Foreign nucleic acid sensing
results in the activation of key transcription factors like IRF3 and IRF7, which drive the production of IFN. IFN can
bind IFNAR receptors in an autocrine or paracrine manner and stimulate the upregulation of ISGs through the
JAK/STAT signalling axis.
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The cGAS-STING axis

Cyclic GMP-AMP (cGAMP) synthase (cGAS) is an important cytosolic PRR of the
innate immune system. Upon sensing of cytosolic double-stranded DNA (dsDNA), cGAS
produces the second messenger cGAMP. cGAS is activated by dsDNA and single-stranded DNA
that can form internal duplex structures in a sequence independent but length dependent
manner'!, While cGAS can also bind dsRNA, this does not trigger the conformational change
required to activate cGAS!2. The structural rearrangement in cGAS exposes the catalytic pocket
to enable cGAS to catalyze the synthesis of 2’3’-cyclic GMP-AMP (cGAMP) from ATP and
GTP substrates'.

cGAMP acts as a second messenger to activate the adaptor STING, a transmembrane
protein anchored to the endoplasmic reticulum (ER) through interaction with the Ca?* sensor
stromal interaction molecule 1 (STIM1)!%!5, Upon cGAMP binding at the STING ligand binding
pocket, STING oligomerizes into a tetramer and translocates from the ER to the Golgi apparatus,
where STING is palmitoylated at two cysteine residues'?. Subsequently, STING recruits the
kinase TBK1, which phosphorylates STING at the C-terminal domains, allowing STING to
recruit IRF3, which is also phosphorylated by TBK1. IRF3 then dimerizes and traffics to the
nucleus. STING also activates the kinase IKK, resulting in the activation and nuclear
translocation of NF-kB, where it works with IRF3 and other transcription factors to induce
expression of IFN and other proinflammatory cytokines!2. cGAMP can also alert uninfected
neighbouring cells to activate interferon pathways directly by passing across gap junctions, a
useful mechanism for combatting viruses that antagonize immune responses!®.

In addition to mediating protective immune defenses, the cGAS-STING pathway also
detects tumor-derived DNA generating intrinsic antitumor immunity, and in the case of aberrant
activation can lead to autoimmune and inflammatory disease!2. Tight regulation of this pathway
is important for preventing excessive immune activation from self-DNA recognition.

Non-canonical roles of STING

While the most well-known function of STING is its role in stimulating IFN responses
via the cGAS-STING signalling pathway, additional roles of STING in autophagy, cellular
senescence, and protein translation inhibition have also been reported. STING signaling has been
shown to promote cancer cell clearance by autophagy, necrosis, or apoptosis independently of
IRF3 and NF-kB transcriptional activation, suggesting that pathways other than IFN responses
can be activated downstream of STING'”.

Additionally, STING has been implicated in stress-induced innate immune responses.
IFN responses to calcium associated ER stress depend on STING and TBK12. STING was also
required for an IFN response to membrane perturbations by virus-like particle entry and was
shown to translocate from the ER to cytoplasmic punctate structures, a hallmark of STING
activation *!'®, In neural stem/progenitor cells acute oxidative stress caused disruptions to the
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maturation of nuclear lamina and release of chromatin fragments activating the cGAS-STING-
IFN response!®.

How STING modulates its various effects is largely unclear. One regulatory mechanism
involves EGFR mediated tyrosine phosphorylation of STING which dictates whether STING
traffics to endosomes, inducing IFN responses, or moves to autophagosomes and shifts to
autophagy?’. A region of STING unique from domains involved in IFN signalling called the
unfolded protein response (UPR) motif was recently shown to mediate calcium homeostasis, ER
stress and T cell survival?!. Additionally, reactive oxygen species can oxidize the Cysteine 147
residue of STING which prevents STING polymerization and downstream activation of IFN
responses, and may hence promote initiation of alternative pathways like cell death??.

Discriminating self from non-self nucleic acids

The induction of type I interferon is predominantly initiated by sensing of foreign nucleic
acids. Distinguishing foreign nucleic acid from self nucleic acid is a crucial element to managing
proper function of the IFN response. Three major factors aid in making this distinction: the
availability (as determined by the local concentration, rate of degradation by nucleases and level
of shielding), the localization, and the structure of the nucleic acids®*.

Generally, self nucleic acid is rapidly degraded by nucleases before it can be sensed by
nucleic acid receptors. Following an unfolded protein response (UPR), OAS1-activated RNaseL.
and IREla cleave endogenous RNA, forming RNA fragments that can serve as ligands for
RLRs; however, the SKIV2L RNA exosome degrades this endogenous RNA?*, DNase I
degrades cell-death derived DNA and DNA accumulated in the cytosol of phagocytic cells,
lysosomal DNase II degrades phagocytosed DNA and clears nuclear DNA that enters the
autophagy pathway, and TREX1 degrades cytosolic DNA?,

Endogenous DNA is largely confined within compartments like the nucleus and
mitochondria, thus the mere presence of DNA in the cytoplasm activates PRRs like cGAS,
AIM2, TF116 and DDX42, Interestingly a large fraction of ¢cGAS is associated with chromatin
during mitosis, but is not activated due to its hyperphosphorylation and chromatin tethering
which prevents the oligomerization required for cGAS activity?°. Thus, during cell division
cGAS is chromosome-tethered and lacks the ability to sense self-DNA and activate immune
responses. In the endolysosomal compartment, TRR9 is the dominant sensor of foreign DNA?’.
TLRY preferentially detects DNA containing CpG dinucleotides, which are much less common
in eukaryotic self DNA compared to bacterial DNA>?7. Modifications to endogenous DNA can
impact DNA sensing. For instance, oxidative stress results in the incorporation of oxidative
adducts- commonly 8-hydroxyguanosine (8-OHG)- which stabilizes the DNA against TREX1
exonuclease degradation?®. This ultimately leads to the accumulation of cytosolic DNA and
cGAS activation.

Distinguishing self and non-self RNA is more complex, as both can be found within the
same compartments of a cell. RNA sensing PRRs like RIG-I, MDAS, PKR, OAS1 and TLR3
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recognize long double stranded RNA, a hallmark of RNA and DNA virus replication, or ssSRNA
with secondary structures?>-*°. Various modifications of RNA help mediate the differentiation
between self and non-self RNA. RIG-I is activated by blunt-end 5’-triphosphate dsRNA, and to a
lesser extent 5°-diphosphate RNA3!-32, TFIT1, IFIT5 and PKR have also all been shown to
recognize 5’-triphosphorylated ssSRNA3. Presence of RNA with 5’-triphosphate ends in the
cytosol is indicative of a viral infection, as the RNA must have formed outside the nucleus.
Endogenous RNA is processed before leaving the nucleus by backbone or base modifications,
splicing and 5’capping, which results in the removal of 5’triphosphate ends. 2’-O-methylation, a
component of 5’ capping of RNA in eukaryotes serves to prevent sensing of self RNA, as it
abolishes recognition of self RNA by RIG-I and IFIT 1313433, However, some flaviviruses,
coronaviruses, paramyxoviruses and rhabdoviruses, reoviruses, and pox viruses have evolved
mechanisms to disguise their RNA molecules as self RNA by encoding 2’-O-methyltransferases,
effectively evading innate immune activation®®.

DNA damage repair and its impact on DNA-sensing innate immune signaling pathways

Eukaryotic cells are frequently exposed to stressors, both exogenous (toxic drugs, UV
irradiation) and endogenous (DNA replication stress, topoisomerase poisons). Genotoxic stress
can result in chromosome missegregation and fragmentation and the formation of micronuclei in
the cytoplasm. To prevent malignant transformation or immune damage, cells have evolved
elaborate mechanisms to repair damaged DNA. There are two major mechanisms of DNA
damage repair. The first is homologous recombination (HR), which is a high fidelity repair
pathway that occurs during late S and G2 phases of the cell cycle®’. HR initiates when the
MREI11-RAD50-NSB1 (MRN) complex detects double-stranded breaks, which induces the
autophosphorylation of Ataxia-telangiectasia mutated (ATM). ATM recruits phosphorylated
H2AX checkpoint kinase, cohesion protein SMC1, and binds to the mediator protein MDC13%,
P53-binding protein 1, breast cancer type 1/2 and additional MRN complex are recruited to the
damaged site, completing the homologous recombination repair®®. The second repair mechanism
is non-homologous end-joining (NHEJ), which occurs during all cell cycle phases and repairs
DNA junctions containing mutations. The Ku70-Ku80 heterodimer recognizes a damaged site,
and along with the DNA-dependent protein kinase catalytic subunit promotes the recruitment of
other NHEJ proteins to complete the repair®”’.

Despite the cell’s efforts at repairing and shielding damaged DNA from PRRs of the
innate immune system, several DNA sensors have been shown to recognize and bind damaged
endogenous DNA. cGAS was recently identified as an important cytosolic DNA sensor that can
recognize and bind damaged DNA!74°, ¢GAS is recruited to micronuclei following DNA
damage and nuclear envelope rupture; however, direct evidence of cGAS activation is lacking as
is an understanding of what form of chromatin DNA is detected in micronuclei*!**2, Other DNA
sensors present in the cell capable of sensing damaged DNA include DAI and RNA polymerase
1143,
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Interestingly, multiple proteins of the DNA damage repair pathway have been associated
with mediators of the interferon response pathway. The DNA-dependent protein kinase (DNA-
PK) complex, consisting of Ku70, Ku 80, and its catalytic subunits, has been shown to
phosphorylate IRF3, promoting nuclear retention of IRF3*4. Additionally, DNA-PK has been
proposed to act as a PRR upstream of STING by binding cytoplasmic DNA and triggering IFN
and cytokine production in and IRF3-dependent manner®.

The degree of inflammatory gene induction by genomic DNA damage is usually lower
than that induced by DNA transfection or viral infection!’. The extensive DNA repair
mechanisms of the cell are likely a prime contributing factor for these differences. Deficiencies
in DNA damage repair components can exacerbate autoinflammatory disease and
tumorigenesis®’.

Viral Glycoproteins and the Syncytial Phenotype

All viruses contain genetic material (DNA or RNA) encased in a protein shell called a
capsid*®. Enveloped viruses have an additional membrane surrounding the capsid, composed of
lipids, viral glycoproteins, and some host proteins*®. Viral fusion proteins have been broadly
categorized into four classes depending on the conformational structure and mechanism used for
fusion of the viral envelope with the cell membranes: class I, with a characteristic a-helix trimer
(as in HIV-1 transmembrane gp41); class II, with a B-sheet-based elongated ectodomain (as in
dengue virus glycoprotein); class I1I, composed of an a-helix and 3-sheet combined ectodomain
(as in rabies virus G glycoprotein) and class IV, composed of the FAST protein family of some
non-enveloped Reoviruses*’.

These glycoproteins assist virion entry into a host by catalyzing envelope fusion directly
at the cell membrane or with endosomal membranes*®. The location of fusion varies across viral
families, cell types, and depends on the triggering mechanism required for activation. Enveloped
virus fusion proteins are maintained in a pre-fusion conformation by suppressors in one of the
fusion protein domains or in a different viral glycoprotein®®. Activation of the fusion capability
requires priming (often by a proteolytic cleavage), followed by triggering of a conformational
change in the fusion protein*®. Viral fusion proteins are typically triggered through interaction
with a cell surface receptor, proton binding to the fusion protein at low pH, or a combination of
these two events.*® The triggered conformational change is usually irreversible, allowing the
protein to only act once before losing the capacity to mediate fusion with a subsequently
presented membrane?®,

Some viruses have evolved the ability to trigger cell-cell fusion between infected and
neighbouring cells. Apart from the Orthoreovirus and Aquareovirsus subfamilies of Reoviridae,
syncytial viruses are enveloped, and their envelope fusion glycoproteins are the primary
initiators of cell-cell fusion. Evidence of syncytia formation has been documented for viruses of
the Herpesviridae, Paramyxoviridae, Coronaviridae and Retroviridae families?’.
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Herpesviruses are large and diverse double stranded DNA viruses capable of establishing
long-life persistent infections. Presence of multinucleate cells in skin lesions and in the lower
respiratory tract have been identified as hallmarks of Herpesvirus infection*->*. However, the
degree of cell-cell fusion among clinical isolates and laboratory strains vary in vitro, and the
significance of syncytia formation for viral replication and spreading in vivo remains unclear>!-2,
In herpesviruses, the mechanism of cell-cell fusion is poorly understood and cell type specific,
but does require the glycoprotein gB homodimer gH/gL heterodimer fusion complex>*>4. In
particular, mutations or truncations in the gB glycoprotein can yield pronounced syncytia
formation in vitro®-°,

Paramyxoviruses are negative-strand RNA viruses, and some are capable of inducing
cell-cell fusion: Sendai, Nipah, Hendra, Measles (MV) and human respiratory syncytial virus
(HRSV)*’. Multinucleated cells have been observed in lymph nodes, respiratory tracts and
thymus of MV infected patients and in vivo, infected syncytia are capable of producing
infectious virus particles®’-*%. Syncytia are a hallmark cytopathic effect of HRSV, which infects
superficial airways and type I alveolar epithelial cells and causes infant lower respiratory tract
diseases >°. Measles virus (MV) relies on cooperative activity between the hemagglutinin protein
(HA) and the fusion protein (F) for membrane fusion®®. HA recognizes receptors on the target
membrane and induces conformational changes in the F protein, which allows F to insert the
fusion peptide into the target membrane, allowing for pH-independent fusion®!. The fusion
ability of HRSV is also largely dependent on F, although the details of the fusion mechanism are
still debated®’.

Coronaviruses are positive single-stranded RNA viruses that have been at the forefront
of the prior global outbreaks of Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV)
in 2001, Middle Eastern Respiratory Syndrome Coronavirus (MERS-CoV) in 2012, and the
current COVID-19 pandemic driven by SARS-CoV-2. Lung tissue of patients with severe
respiratory disease displayed evidence of large infected syncytia, and the syncytial phenotype
has also been recapitulated in vitro systems®2-%4, The spike protein (S) responsible for
coronavirus entry is driving cell-cell fusion in CoV infections, with the S1 N-terminal domain
mediating receptor binding and the S2 C-terminal domain driving membrane fusion®. In the case
of SARS-CoV-2 spike, interaction between the spike fusion protein and the ACE2 host receptor
activates TMEM16F, triggering the unsheathing of the S2 fusion active domain of spike, leading
to membrane fusion and syncytia formation®.

Retroviruses are positive single-stranded RNA viruses whose genomes are reverse
transcribed into proviral DNA, which is subsequently integrated into the host cell genome. The
human immunodeficiency virus (HIV) and the human T-lymphotropic virus (HTLV) can induce
cell-cell fusion in vitro; however, only HIV infection has been seen to cause T-cell, macrophage
and dendritic cell syncytia formation in vivo®8, Syncytia in patient samples were much smaller
than those observed in vitro models.

While viral fusion proteins are essential to drive cell-cell fusion, endogenous cellular
proteins may also play vital roles. The small GTPase RhoA was essential for HRSV-mediated
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syncytia formation through modulation of microvilli at the cell surface®. Additionally, the
TMPRSS2 cellular protease primes and activates the S protein of SARS-CoV-2.7° A requirement
for intrinsic cellular machinery may explain why the cell-cell fusion ability of many syncytial
viruses varies among cell types.

Fusion Associated Small Transmembrane (FAST) Proteins

FAST proteins are a unique class of viral fusion proteins expressed by non-enveloped
reoviruses of the Orthoreovirus and Auquareovirus genera. FAST proteins are the smallest viral
fusogens (95-198 residues) and are not involved in virus entry like fusion proteins of enveloped
viruses; they exclusively mediate cell-cell fusion and syncytia formation independently of
specific receptor recognition’!. Structurally, FAST proteins are single pass transmembrane
proteins with a small ectodomain (19-37 residues) and longer endodomain (36-141 residues). All
three domains work co-operatively to drive the fusion process. When FAST proteins are
expressed in cells, they traffic through the endoplasmic reticulum (ER)-Golgi pathway to the cell
membrane, where they accumulate and form multimeric complexes. Translation initiation from
suboptimal codons and excessive degradation by the ER-associated degradation pathway delays
arrival of FAST proteins at the plasma membrane, thereby synchronizing syncytium formation
with the replication cycle of the virus.

The fusion mechanism of FAST proteins differs from that of envelope virus fusogens,
while maintaining some degree of similarity. There are three distinct stages of FAST protein
mediated cell-cell fusion. First is the pre-fusion stage, where FAST proteins rely on surrogate
cellular adhesion machinery at adherens junctions, such as calcium-dependent cadherin proteins,
to mediate cell-cell attachment’?. This allows for membrane approach as the FAST protein
ecodomains are too short to span the intercellular gap between adjacent cells. In contrast,
enveloped virus fusogens use conformational changes in the fusion protein to drive membrane
apposition. The second stage involves membrane merger, where shallow insertion of the FAST
protein into the outer leaflet of the membrane bilayer induces membrane curvature, generating a
hemifusion intermediate. The transmembrane and endodomains work cooperatively to promote
pore formation. Finally post-fusion occurs, where rearrangements in the cortical actin
cytoskeleton allow for pore expansion and syncytia formation. Annexin 1 and the FAST protein
C-terminal endodomain are required for effective pore expansion during these post-fusion
events’.

Fusogenic reovirus infections are more pathogenic than their non-fusogenic counterparts
as they can induce meningo-encephalomyelitis, pneumonia, neurological dysfunction and enteric
syndrome. Several cases of acute respiratory tract infection and meningo-encephalitis in humans
have been associated with Orthoreoviruses of bat origin, suggesting that these viruses could
emerge as zoonotic infections’* 7%, Therefore, it would be beneficial to better understand how
FAST protein driven cell fusion impacts pathogenesis of these viruses and whether the host
immune system is primed to respond to such fusion events.
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Cell-cell fusion associated innate immune responses

As aforementioned, several viruses have been observed to cause syncytia formation
among host cells as part of their cytopathic effect. In addition to the syncytial HRSV, HIV, MeV
and HSV viruses, some bacterial pathogens like Mycobacterium tuberculosis and the melioidosis
causing bacteria Burkholderia pseudomallei also produce syncytia upon infection*>”°. The ability
of a pathogen to fuse host cells has been proposed as advantageous for cell-to-cell spread of the
pathogen, while evading detection by the adaptive immune system. However, despite the
enhanced cytopathic effect or syncytial viruses, some cases have been documented where a
syncytial phenotype was not beneficial to the virus. While syncytial variants of HSV and HIV
outcompete their non-syncytial counterparts in vitro, they display restricted replication in
vivo®®3! Additionally, fusogenic adenovirus replicated efficiently at a high multiplicity of
infection (MOI), but at lower MOI virus replication was impaired and restricted to a single
nucleus within the syncytial cell®?. This suggests that some innate immune host response may
counteract the detrimental effects of syncytia formation.

Cell-cell fusion involves extensive membrane and cytoskeletal disruption and
reorganization, processes which have been proposed as stress-based triggers of IFN responses
183-85 Membrane perturbations have been studied using a broad range of inactivated viruses and
virus-like particles lacking the viral genome and capsid. All these studies demonstrated that
enveloped virus particle entry could induce a subset of ISGs through IRF3 activation
independently of PRRs (specifically TLRs and RLRs) 3¢-%, Additionally, p14 reptilian reovirus
FAST protein lipoplex fusion was sufficient to induce an IRF3 dependent antiviral response,
while fusion incompetent p14 failed to provide antiviral protection *°. Initial findings proposed
that the antiviral response to p14 lipoplexes was IRF3 dependent and IFN independent; however,
recent work with IFNAR knock-out cells highlighted that low level IFN is still required for
antiviral responses in circumstances where IFN is difficult to detect by conventional assays
Thus, while de novo IFN may not be required for the antiviral response to virus-like particles and
pl4 lipoplexes, constitutive or low level IFN may play a role. With the added resources of
IFNAR knock-out cells and B18R IFN blockade, we can re-address previous observations to
better understand the complexities of innate immune responses. Additionally, the IFN response
to p14 FAST protein lipoplexes was dependent on the RLRs RIG-I and MDAS even though no
external nucleic acids were introduced®?. A study by Holm e al. also showed that the IFN
response to HSV virus-like particles lacking the viral genome required STING?. These studies
point towards a role for nucleic acid sensors in IFN responses to membrane perturbations.
Whether these nucleic acid sensors are activated by endogenous nucleic acids, or some other
means warrants further investigation.

Despite the growing body of evidence of stress-based IFN responses, the mechanisms of
how these various stressors are communicated to downstream effectors remain unclear. In

90,91

particular, researchers have only recently begun addressing cellular responses to cell-cell fusion
and any potential associated IFN signalling, thus very little is known about this process*?. We
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hypothesized that cell-cell fusion mediated by the p14 FAST protein can trigger IFN responses
analogous to those induced by external p14 lipoplex fusion and serve as one aspect of the host
defence mechanism against syncytial viruses. To address this hypothesis, we engineered cells
that can be induced to express p14, creating a simple system that allows us to study the
consequences of cell-cell fusion in the absence of the added PAMPs found in full syncytial
viruses. We monitored the production of IFN and ISGs following cell fusion and addressed the
involvement of key signalling molecules by monitoring these IFN responses in the appropriate
knock-out cell types.

10
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Materials and Methods

Generation of Cell Lines

Cell lines expressing p14 under a tetracycline inducible promoter were generated using a
PiggyBac vector system, which introduces a gene of interest into the cell genome through
transposon recombination %3, The cDNA sequence of the p14 FAST protein was amplified by
PCR using the following forward primer:
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGGGGAGTGGACCCTCT, and
reverse primer:
GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAAATGGCTGAGACATTATCGATGTT
G. These primers introduced recombination sequences flagging the 5’ and 3’ ends of the gene,
which allowed the p14 gene to be introduced into the PB-TAG vector under an inducible
promoter by a two-step recombination reaction mediated by BP and LR clonase enzymes.

Three plasmids: PB-TAG (encoding the gene of interest), pCYL43 (encoding the PBase
recombination enzyme), and PB-CAG rtTA (encoding the rtTA protein which initiates gene
expression in the presence of doxycycline) were nucleofected into telomerase life-extended
human fibroblasts (THF) **°°, p14 positive cells were selected for with 3ug/mL puromycin.
Additionally, the p14-THF cell line was cultured from a single cell clone. p14-THF IRF3” and
p14-THF STING™" cells were generated in the same manner, but plasmids were inserted into the
appropriate THF knock-out cell type rather than wild type THFs.

To generate the IFN-GFP reporter p14-THF cells, p14-THF cells were transduced with
IFN-GFP reporter lentivirus, transfected with 1pg/mL Poly:IC using lipofectamine 3000, and
harvested in FACS buffer (PBS, 1% BSA, 5SmM EDTA). The GFP positive population was
sorted on a Beckman Coulter MoFlo XDP and collected for subsequent experiments.

Quantitative RT-qPCR

RNA was extracted from cells homogenized in TRIzol reagent (Invitrogen). cDNA was
subsequently prepared from 500 ng of RNA using the iScript cDNA Synthesis Kit (BioRad).
Quantitative PCR reactions containing TagMan probes and TagMan Universal PCR Master Mix
(Applied Biosystems) were prepared as per the manufacturer’s instructions and run on a
StepOnePlus Q-PCR instrument (Applied Biosystems). AACt values were calculated from
instrument generated Ct values, using GAPDH as an endogenous control. Changes in gene
expression were represented in terms of fold change relative to mock (calculated as 2-24<Y),
Taqman probes for human GAPDH (Hs02758991 g1), IFIT1 (Hs03027069 s1), and CXCL10
(Hs00171042_m1) were used. Transcript levels of p14 were probed SsoFAST EvaGreen
Supermix and custom designed primers (p/4 FDW: TTAGCGTTTGGCTTCTGGTT; pi14 REV:
GGCTCGTATGGGTCTTCGTA; GAPDH FWD: GGAGCGAGATCCCTCCAAAAT
GAPDH REV: GGCTGTTGTCATACTTCTCATGG).

Significant differences in the data were calculated by one-way ANOVA or two-way
ANOVA tests as required.

11
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VSV-GFP Plaque Reduction Assay

Cells were pre-treated with 0.01pg/mL doxycycline for 6 hours, then challenged with
VSV-GFP, or doxycycline was added immediately following the 1 hour VSV-GFP infection. As
a positive control, cells were pre-treated with 20 pg/mL of Poly I:C. Supernatants were
transferred onto fresh THF-IRF3 knock-out cells and incubated for 8 hours prior to infection to
test for IFN production. F11 overlay media containing 2% FBS and 1% methylcellulose was
added to restrict plaques. Green fluorescence from VSV-GPF was measured using a Typhoon
laser scanner (GE Healthcare) 20 hours post infection. GFP fluorescence intensity was quantified

using ImageQuant software and each condition was normalized relative to mock infected cells.
HSV-GFP and VacV-GFP infections were also done in this manner. Significant differences in
the data were calculated by one-way ANOVA or two-way ANOVA tests as required.

Immunofluorescence

Cells were seeded on coverslips and treated with 0.01 pg/mL doxycycline for up to 48
hours. Poly I:C or virus treatment was applied as a positive control for innate immune sensor
activation. Post-treatment, cells were fixed with formalin for 10 minutes at room temperature,
washed three times in PBS, and permeabilized with 0.2% Triton X-100 in PBS for 10 minutes at
room temperature. The cells were once again washed three times with PBS and blocked with 3%
BSA, 3% goat serum, 0.2% Tween-20 in PBS overnight. The samples were then incubated with
primary antibody for 1 hour, washed, and incubated with secondary antibody (AlexaFluor488
diluted 1:400 in blocking buffer) for 1 hour. Cells were subsequently stained with CellMask
Deep Red plasma membrane stain 1:10000 in PBS for 10 minutes. Coverslips were mounted
onto slides with ProLong Gold antifade reagent with DAPI and left to cure overnight at room
temperature. Images were acquired on a Zeiss Axio Imager M2 or EVOS FL Auto 2 widefield
microscope at 20X magnification.

Flow Cytometry

IFN-GFP p14-THF cells were treated with 0.01 pg/mL doxycycline for 24 and 40 hours.
As a positive control, cells were infected with 2 pfu of Sendai virus for 24 hours. Cells were
harvested in FACS buffer (PBS, 1% BSA, 5SmM EDTA) and analysed on a BC CytoFlex
analyser. p14-THF cells that did not contain the GFP reporter cassette were used to set the
negative gate.

Western Blot

Cell lysates were harvested in lysis buffer containing 50 mM HEPES pH 7.4, 150mM
NaCl, 1% Triton-X, 10% glycerol, 1.5 mM MgClz, | mM EGTA with 100uM aprotinin,
leupeptin, pepstatin A and PMSF protease inhibitors added fresh. Lysate proteins were separated
by SDS-PAGE and transferred onto a nitrocellulose membrane. Target proteins were probed
with appropriate antibodies (p14: in house antibody generously donated by Roy Duncan’s Lab
diluted 1:1000, Beta Actin: Sigma-Aldrich A1978 diluted 1:20000).

12
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Results

To investigate IFN responses to cell membrane fusion, we generated a cell line that
expressed the p14 FAST protein in telomerase life-extended fibroblasts (THF) under a
doxycycline inducible promoter. Expression of p14 in THF cells resulted in visible cell-cell
fusion, yielding large multinucleate (syncytial) cells over time (Figure 2A). Cell membrane
fusion began 8-12 hours after doxycycline treatment. Syncytial cells were not capable of dividing
to produce new progeny cells, thus proceeded to die about 48 hours post induction of p14
expression. RT-qPCR of p14 transcripts was performed to confirm that doxycycline treatment
did in fact induce the expression of p14 in these syncytia producing cells. Transcript levels of
p14 peaked around 16 hours post doxycycline addition, diminishing somewhat over time (Figure
2B).

To assess if pl4-mediated cell-cell fusion induced an IFN innate immune response,
changes in the levels of interferon stimulated genes (ISGs) IFIT1 and CXCL10 were monitored
over a 48-hour time course. These ISGs are common downstream products of IFN signalling in
fibroblasts. Significant upregulation of IFIT1 and CXCL10 were observed 40-48 hours after
doxycycline induction of p14 expression (Figure 2C). In the case of CXCL10, a temporary
increase in ISG levels was observed around 16 hours post doxycycline treatment, suggesting that
there may be two waves of responses, a weaker early priming response, followed by a more
robust late response. Doxycycline treatment itself did not affect ISG levels in non-p14 expressing
THEF cells, thus the differences observed in the p14-THF cells are not influenced by doxycycline
but are uniquely due to the presence of p14 in the cell and its associated fusion activity. The
amount of p14 produced in cells (correlated with doxycycline concentration) did not affect the
magnitude of the observed ISG response (Supplementary Figure 13). However, cell density did
impact the magnitude of the ISG response, with stronger ISG upregulation occurring at higher
cell density, which correlates with greater degree of cell fusion (Supplementary Figure 14). Of
note, paracrine IFN signalling is more efficient at higher cell density, which also may have
influenced the observed differences in ISG upregulation.

13
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Figure 2. Endogenous expression of p14 results in cell-cell fusion and the upregulation of interferon
stimulated genes (ISGs). A) Inducible p14-THF cells were treated with 0.01 pg/mL doxycycline and monitored
over a 48 hour time period. Membrane fusion began 8-12 hours post doxycycline treatment, resulting in the
formation of visible syncytia. These syncytial cells persisted for up to 48 hours before cell death occurred. Cell
nuclei were stained with Hoechst 33342 and cell membranes stained with CellMask Deep Red. Scale bar indicates a
size of 125 pm. B) Presence of p14 in the cells upon doxycycline treatment was verified by RT-qPCR. Transcript
levels of p14 peaked 16 hours post doxycycline treatment, progressively dropping at later time points. C) To test
whether p14 expression and cell fusion affects levels of ISG expression RT-qPCR was conducted over a 48 hour
time course on wild type and p14-THF cells treated with 0.01 ug/mL doxycycline. Significant upregulation of IFIT1
and CXCL10 was detected 40-48 hours post doxycycline treatment in p14 expressing cells. Doxycycline had no
effect on wild type THF cells.
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Upregulation of ISGs can occur in the absence of IFN signalling, as some transcription
factors like IRF3 can directly bind to ISG promoters and induce ISG expression independently of
IFN. To test whether the upregulation of ISGs in response to cell-cell fusion is interferon
dependent or independent, BI8R was added in conjunction with doxycycline to serve as a decoy
IFNAR receptor, effectively blocking paracrine IFN signalling. B18R treatment abolished the
upregulation of ISGs normally seen in response to pl4-mediated syncytia formation, suggesting
that IFN is produced and ISG upregulation is a consequence of paracrine IFN signalling
pathways (Figure 3A). However, the amount of IFN produced by syncytia appears to be low,
since IFN could not be detected in the supernatant by VSV-GFP bioassay (Figure 3B) or in IFN-
GFP reporter cells (Figure 3C).
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Figure 3. pl4-mediated cell-cell fusion results in the production of low level IFN. A) p14-THF cells were treated
with 0.01 pg/mL doxycycline for 16, 24 or 48 hours or 1000 U of IFN for 24 hours. IFN signalling was blocked with
the addition of 500 ng of B18R concurrently with the doxycycline or IFN treatements. B18R blocked the
upregulation of ISGs normally seen in response to pl4-mediated cell fusion. B) Supernatants from p14-THF cells
treated with 0.01 pg/mL doxycycline over time or 20 pg/mL Poly I:C were transfered onto THF-IRF3 -/- cells and
incubated for 8 hours, then challenged with VSV-GFP. No significant reduction in plaques was observed C) p14-
THF cells were modified with an IFN-GFP reporter, and the IFN-GFP positive population was isolated by flow
sorting. p14-THF IFN GFP cells were then analyzed by flow cytometry to examine IFN production in response to
syncytia formation. No IFN producing cells were detected upon induction of p14 expression and syncytia formation.
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Conventionally, the upstream initiation of IFN signalling requires activation of key
transcription factors like interferon regulatory factor 3 (IRF3). To determine if this key
transcription factor is involved upstream of IFN production, IRF3 deficient THF cells were
modified to express p14 under a doxycycline inducible promoter. These cells formed syncytia
much like the wild type p14-THF cells, but ISG upregulation was not observed, indicating that
IRF3 is required upstream of the ISG response to pl4-mediated cell-cell fusion (Figure 4).
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Figure . The IFN response to pl4-mediated cell-cell fusion is IRF3 dependent. A) Cells deficient in IRF3 were
modified to express p14 under a doxycycline inducible promoter. These cells are referred to as p14-THF IRF3 -/- .
Much like the wild type p14-THF cells, the p14-THF IRF3 -/- cells displayed an analogous pattern of syncytia
formation over time. Cell nuclei were stained with Hoechst 33342 and cell membranes stained with CellMask Deep
Red. Scale bar indicates a size of 125 pm. B) Presence of p14 in the IRF3 knock-out cells was confirmed by western
blot. Both wild type p14 and IRF3 knock-out p14 cells express similar levels of p14 upon doxycycline treatment. C)
The p14-THF IRF3 -/- cells did not respond to the fusion process to induce expression of the ISGs IFIT1 and

CXCL10, as assessed by RT-qPCR.
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Various adaptors and signalling molecules can communicate signals to activate IRF3. In
the case of exogenous treatment with p14 lipoplexes, RLRs were the required PRRs upstream of
IRF3”2. While we intended to test the role of RLRs in the endogenous p14 expression system,
attempts to generate p14-THF RIG-I/MDAS - cells proved challenging, as the resultant cells did
not form syncytia upon p14 induction (Supplementary Figure 15). This made it difficult to
discern whether the RLR deficiency or lack of cell fusion blocked the antiviral response.

Another PRR associated with membrane perturbation stress responses is STING. The
predominant role of STING lies in acting as an adaptor in communicating recognition of foreign
cytoplasmic DNA to IFN production. However, STING has been shown to play a role in
triggering stress-based IFN responses, such as virus-like particle entry and ER stress, making it a
probable signalling molecule upstream of IRF3 in the IFN response to pl4-mediated cell-cell
fusion. To test if STING is involved in the IFN response to pl4-mediated cell-cell fusion, p14
was expressed in cells deficient in STING under a doxycycline inducible promoter. p14
expression caused extensive syncytia formation; however, no upregulation of ISGs was observed
in STING deficient cells, indicating that STING is required upstream of the IFN response to p14-
mediated syncytia formation (Figure 5).
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Figure 5. The IFN response to pl4-mediated cell-cell fusion requires STING. A) Cells deficient in STING were
modified to express p14 under a doxycycline inducible promoter. These cells are referred to as p14-THF STING -/- .
Much like the wild type p14-THF cells, the p14-THF STING -/- cells displayed an analogous pattern of syncytia
formation over time. Cell nuclei were stained with Hoechst 33342 and cell membranes stained with CellMask Deep
Red. Scale bar indicates a size of 125 pm. B) The p14-THF STING -/- cells did not respond to the fusion process to
induce expression of the ISGs IFIT1 and CXCL10, despite similar levels of p14 being expressed in both cell types.
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Since the predominant role of STING entails effecting IFN signalling downstream of
DNA sensing in the cytoplasm, a potential source of STING activation in syncytial cells may
entail sensing of mis-compartmentalized endogenous DNA. Genotoxic stress can cause
fragmentation of the nucleus, resulting in the production of micronuclei. The nuclear envelopes
of micronuclei can rupture, releasing free nucleic acid into the cytoplasm, which can then be
sensed by DNA sensors and activate STING. p14 syncytial cells were examined for the presence
of micronuclei by fluorescence microscopy (Figure 6). Small fragments of nucleic acid
resembling micronuclei were observed. Some of these micronuclei lacked nuclear lamin B1, a
key structural protein of the nuclear envelope, and stained for y-H2AX, a marker of double
stranded breaks in the genome. While some DNA damage was visible 16-24 hours post
doxycycline treatment, the extent of the damaged progressively worsened over time, with nearly
all syncytial nuclei staining for y-H2AX 48 hours post doxycycline treatment. This data suggests
that syncytia formation driven by p14-mediated fusion results nuclear DNA fragmentation and
accumulation of cytoplasmic DNA which may activate STING and subsequent IFN signalling.
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Figure 5. Syncytial cells display markers of DNA damage and micronuclei formation. Cell nuclei were stained
with Hoechst 33342, y-H2AX was used as a marker of double stranded breaks in the genome, and nucelar lamin B1
was used to stain for the nuclear membrane. Increasing incidence of double stranded breaks and loss of nuclear
envelope integrity was observed over time. Additionally, smaller fragments of nucleic acid content resembling

micronuclei are visible. These micronuclei are also often lacking in a nuclear envelope. Scale bar indicates a size of
125 pm.
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While the B18R data suggests the requirement of IFN signaling in the response to p14
mediated cell fusion (Figure 3A), subsequent IFN assays suggest any IFN produced is below the
limit of detection and insufficient on its own to provide full antiviral protection (Figure 3B/C).
However, replication of VSV-GFP in syncytial cells was restricted if p14 expression was
initiated 6 hours prior to infection (Figure 7). At the time of infection cells were still
mononuclear but became multinucleated over the course of the infection. Clear syncytia are
visible 12-16 hours after inducing p14 expression. In contrast, if p14 expression was initiated
immediately following VSV-GFP infection, VSV-GFP replication was enhanced (Figure 7). This
suggests that the kinetics of cell-cell fusion in relation to the replication cycle of a virus can
influence whether syncytia formation promotes or restricts viral spread. Multiple factors may
account for the observed reduction in viral plaques including: the antiviral activity of induced
ISGs and low level IFN, the inability of viruses to enter syncytial cells, inhibition of protein
translation, and the initiation of autophagic, apoptotic or senescence pathways. Further
experiments are required as we cannot make these distinctions with the given plaque reduction
assay.

Additionally, a similar plaque restricting effect was observed during HSV-GFP and
VacV-GFP infections (Figure 7), suggesting that cell-cell fusion can affect the replication of
various viruses, including IFN-resistant viruses like HSV, and viruses with different genomes
(e.g. DNA vs RNA) and modes of replication (e.g. nuclear vs cytoplasmic). Unlike VSV-GFP,
HSV-GFP and VacV-GFP replication was not enhanced by late cell fusion (Figure 7), suggesting
that while syncytia formation can be beneficial to VSV replication, it may not be an
advantageous feature for HSV and VacV.
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Figure . Syncytia formation can enhance or impair viral replication depending on when syncytia formation
occurs relative to the replication cycle of the virus. The effect of pl4-mediated cell fusion on viral replication was
assessed by infecting cells with VSV-GFP, HSV-GFP, and VacV-GFP and monitoring plaque formation by GFP
fluorescence. p14-THF cells were treated with 0.01 pg/mL doxycycline 6 hours prior to infection, 2 hours prior to
infection or immediately following virus infection. Plates were scanned 20 hours post infection on a Typhoon
scanner and fluorescence intensity was quantified using ImageQuant software. When p14 is present in the cells and
cell fusion occurs early on during the infection, there is a significant reduction in plaques; however, when p14 is
expressed later in the replication cycle of the virus viral replication is enhanced.
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While at first glance it seemed that early p14 expression and cell fusion during an
infection could induce an antiviral state, the observed reduction in plaques was found to occur in
the absence of IRF3 and when IFN was blocked by B18R, suggesting that IFN signalling is not
involved in restricting viral replication in syncytial cells (Figure 8). However, no plaque
reduction was observed in STING deficient cells, suggesting that STING is involved in the
cellular pathway or mechanism initiated by cell fusion that restricts viral replication or spread
(Figure 8). The enhanced viral replication that occurs in the case of late fusion during an
infection was not affected neither by the removal of IRF3, STING nor IFN blockade.
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Figure 7. Differences in viral replication in syncytial cells are IFN and IRF3 independent, and STING
dependent. VSV-GFP plaque reduction assay was conducted to assess if pl4-mediated cell fusion induces an
antiviral response that can restrict VSV replication. p14-THF cells, p14-THF IRF3 -/- cells and p14-THF STING -/-
cells were treated with 0.01 pg/mL doxycycline 6 hours prior to infection or immediately following infection with
VSV-GFP. 500 ng of B18R was added at the same time as doxycycline to block any IFN signalling. Plates were
scanned 20 hours post infection on a Typhoon scanner and fluorescence intensity was quantified using ImageQuant
software. The reduction in plaques observed after 6h of doxyxycline pre-treatment was not affected by BISR IFN
inhibition, nor by the elimination of IRF3. However, elimination of STING abolished this effect.
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Discussion

We initially hypothesized that endogenous expression of p14 and cell-cell fusion would
induce membrane perturbation associated IFN responses analogous to those observed following
pl4 lipoplex entry. Thus, we expected to see an IRF3 and RLR dependent antiviral response,
with low level IFN production®®2. Our investigation with the endogenous p14 fusion system
illustrates that endogenous p14 expression and fusion, like exogenous p14, can stimulate the
upregulation of ISGs in an IRF3 dependent manner and low level IFN is required for this
response. However, the mechanism that leads to an ISG response appears to be different across
the two systems, as the response to p14 lipoplex treatment involves RLRs and MAVS, while the
response to endogenous p14 requires STING®2. Although in one case RNA sensors are required
and in the other DNA sensors are required, nucleic acid sensing is a key common feature of both
types of pl4 responses. Differences in p14 activity may account for the involvement of different
signalling pathways. Endogenous p14 expression results in the accumulation of p14 at the cell
membrane and cell-cell fusion. In the case of exogenous p14 lipoplexes, the fusion domain of
pl4 is required for an antiviral response, but it is not clear whether p14 lipoplexes fuse at the cell
membrane or enter by endocytosis and fuse at internal membranes, which may impact
downstream signalling®. The multinucleated state of cells following endogenous p14 expression
could also alter cellular processes.

Typically, the induction of ISGs is indicative of IFN production and an antiviral state.
Our data shows that p14 expression and cell-cell fusion induces ISG upregulation, and this
response requires STING, IRF3, and low level IFN. Contrarily, early p14 expression and cell
fusion induces an antiviral state independently of IRF3 and IFN, though STING is still required,
creating a discrepancy between the observed ISG induction and antiviral state. The ISGs we
chose to monitor are some of the most highly and most consistently upregulated, and associated
with antiviral responses in fibroblasts, but there is limited knowledge of which ISGs are essential
for specific cellular responses and at what levels. Thus, while IFIT1 and CXCL10 may be
upregulated in response to p14 cell fusion, these ISGs may or may not play a role in the host
response to pl4, while other ISGs that were not monitored may contribute to the antiviral state.
Based on our current data, it appears that p14 syncytial cells can restrict viral spread by an IFN
and IRF3 independent, but STING dependent antiviral mechanism. This mechanism may entail
an NF-«xB pathway, a novel form of antiviral response or be a consequence of other pathways
occurring in the stressed syncytial cells that compromise virus entry and/or replication processes.
The adaptor STING has been implicated in a multitude of cellular pathways other than IFN
signalling, some of which include the pro-inflammatory NF-kB pathway, modulation of
senescence, protein translation, autophagy, and other modes of cell death®>”7. Several studies
highlight a role for STING in initiating the ancient antiviral mechanism of autophagy,
particularly in response to ER stress induced UPR?S. A recent study described the TBK1-
dependent and IRF3-independent manner in which STING signalling induced autophagy,
promoting resistance to HSV-1 in vivo®. Regulating the balance between autophagy and protein
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translation initiation in a cell is one of many roles of the PI3K/mTORCI1 pathway. In p14
syncytial cells p70-S6 kinase, a downstream product of mTORCI signalling was activated
(Supplementary, Figure 16), which is a marker of active protein translation initiation and
autophagy inhibition. While this piece of data is preliminary and provides an incomplete analysis
of mTOR signals associated with cell fusion, it hints that mMTOR mediated autophagy is an
unlikely contributor to the antiviral response of p14 syncytial cell, although STING-associated
activation of autophagy may still be involved by alternative mechanisms. Recent findings also
suggest that the cGAS-STING pathway can activate the senescence-associated secretory
phenotype (SASP) in response to the accumulation of cytoplasmic DNA!%, SASP describes the
phenomenon whereby senescent cells secrete inflammatory cytokines, chemokines growth
factors and matrix metalloproteinases'®. Considering that syncytial cells do not divide, it is
likely that they enter a senescent state. Studies have shown that viral replication is significantly
impaired in senescent cells and cells that have sustained nuclear damage!*!>:1°!, Thus,
senescence and the SASP may explain the restricted viral replication in syncytial cells, although
more work needs to be done to confirm this theory and fully understand the mechanism of the
response.

Furthermore, our investigation of cell fusion responses showed that p14 FAST fusion
protein mediated cell-cell fusion results in dSDNA breaks and the accumulation of DNA in the
cytoplasm, which can induce a type I IFN response through STING-IRF3 signalling. These
findings are consistent with prior work claiming that MeV-induced cell-cell fusion amplified IFN
responses in infected cells through IRF3!%2, Two more recent reports show that bacterial induced
cell-cell fusion triggers the cGAS-STING pathway via micronuclei formation, and sensing of
cytoplasmic chromatin by cGAS activates innate immune responses in SARS-CoV-2 induced
syncytia 4>19, The analogous findings across all these different cell-cell fusion systems suggests
that DNA-damage induced IFN responses may be a common feature of all syncytial cells,
regardless of the type of fusogen involved.

Previous work that investigated IFN responses to membrane perturbations using virus
particles proposed that membrane perturbations caused by enveloped virus entry can be sensed
by the cell as a form of stress, and signal the cell to initiate innate immune responses in
preparation for counteracting an infection!->!88688 While this may be the case for virus
envelope-cell membrane fusion and warrants further investigation, the delayed ISG upregulation
we observed in syncytial cells (28-32 hours after cell fusion) does not seem to be a direct effect
of the fusion process itself, but rather a consequence of biological changes in the cell resulting
from existing in a multinucleated state. Multinucleation puts stress on the cell division
machinery, as the cell is not equipped to mediate simultaneous division of multiple nuclei.
Syncytial cells have been shown to undergo abortive mitosis, where the genetic content
attempted to reshuffle, but mitotic chromosomes were not pulled to opposite poles of the cell,
and points of constriction were visible at the cell membrane, but they dissipated instead of
producing daughter cells!®*. Our data also showed progressively worsening DNA damage and
cytosolic DNA accumulation in p14 syncytial cells over time, which is a known trigger of cGAS-
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STING-IFN responses!'®. Thus, micronuclei formation and release of DNA into the cytoplasm
appears to be a consequence of syncytia formation and can serve as a possible trigger of the
observed ISG responses. The mechanistic details of how DNA damage occurs in syncytial cells
remain elusive and is an interesting question for future research.

While prototypic IFN assays (IFN-GFP promoter assay) and IFN activity assays
(supernatant transfers) failed to detect IFN, data with B18R suggests that low level IFN
signalling is critical to the observed ISG response to p14 induced cell fusion. The low level IFN
response in p14 syncytial cells is much weaker than typically seen with canonical PRR activators
like the mimetic of foreign nucleic acid Poly I:C. The extensive cellular DNA damage repair
mechanisms and methods for distinguishing self from foreign nucleic acids may be responsible
for this discrepancy!'%%1%7. Also, self-nucleic acids are degraded much more rapidly in the
cytoplasm than foreign nucleic, decreasing their chances of detection by PRRs, and cells can
activate autophagy to cope with DNA damage and the accumulation of micronuclei'®’. Thus,
deficiencies in the DDR pathways could allow for stronger syncytial IFN responses. Cancer cells
in particular harbour defects in elements of DDR pathway!%%19, In fact, mutations or
chromosomal aberrations that result from faulty DNA repair are considered causal factors for
cancer development, as they can activate oncogenes or inactivate tumor suppressor genes and
initiate the malignant transformation of previously healthy cells into cancerous cells!'%.
Interestingly, while DNA damage can drive oncogenesis, it also plays a dual role in tumor
suppression. Persistent double stranded breaks caused by endogenous and exogenous genotoxic
agents such as ROS, UV or ionizing radiation, and chemotherapeutic or industrial chemicals
result in cellular senescence, apoptosis and tumor suppression, and are therefore commonly
incorporated into cancer treatment strategies. Recent work has also highlighted the role of DNA
damage in innate immunity and proposed it as a novel target for cancer immunotherapy!%.
Syncytial oncolytic viruses may be an excellent strategy for inducing tumor-specific DNA
damage with immunotherapeutic benefits.

Syncytial viruses have been proposed as a potential solution to overcoming the challenge
of limited viral spread in oncolytic virotherapy treatments and have recently been gaining
popularity with mixed results!?®. The syncytial phenotype should allow rapid viral spread and
enhance bystander cell killing, while maintaining oncotropic specificity!®. However, it is
important to keep in mind that there is a fine balance between cell death and viral replication,
and excessive cell-cell fusion could hinder viral replication and spread if the cells experience too
much cytotoxicity. Another advantage of syncytial oncolytic virotherapy is its ability to increase
immune cell infiltration to the tumor!'®. Why syncytial oncolytic viruses are more effective at
increasing tumor immunogenicity is not yet clear, but the secretion of inflammatory cytokines
like IFN in response to syncytia formation and associated DNA damage may be an important
contributing factor. FAST proteins are particularly attractive candidates for engineering syncytial
oncolytic viruses as they are the smallest viral fusion proteins, which allows for easy insertion
into the viral genome. Several groups are testing p14-modified syncytial oncolytic viruses as
potential candidates for cancer therapy!!%!!!, Preliminary results indicate these viruses have
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enhanced efficacy at reducing tumours in some cell types but not others. Understanding the
biology of syncytial cells and how they initiate innate immune responses may aid the
development of more targeted and effective oncolytic viral therapies in the future.

In the context of a naturally occurring syncytial virus infection, it is unlikely that the low
level syncytial IFN response alone is sufficient to provide host protection against the virus.
Interestingly, a study of MV showed that syncytia formation by the MV fusion proteins alone did
not produce measurable IFN, but the IFN response to the fusogenic virus was enhanced
compared to its non-fusogenic analog!®. This suggests that there may be a synergistic effect
between syncytial and canonical IFN responses. From an evolutionary perspective, the
conservation of the syncytial phenotype in select viruses must mean that the feature provides the
virus with a selective advantage over non-syncytial counterparts. We have shown that syncytia
formation can enhance virus replication, but it can also impair it. The kinetics of cell fusion
relative to the replication cycle of the virus is an important consideration for achieving a benefit
from syncytia formation, as premature fusion can restrict viral spread. In the case of reoviruses,
translation initiation from suboptimal translation start codons and extensive degradation by ER-
associated degradation pathways delays accrual of FAST proteins at the cell membrane,
synchronizing cell fusion to late stages of the virus replication cycle’!. Other syncytial viruses
must also have ways of ensuring proper timing of cell fusion to maximize benefit from syncytia
formation.

Concluding Remarks

A syncytial phenotype has been considered as a selective advantage for a virus as it
should enhance cell-cell spread. However, only a small proportion of viruses demonstrate a
syncytial phenotype and a selective advantage in vivo, raising questions as to whether syncytia
formation is as advantageous as originally thought. We hypothesized that syncytia formation can
trigger stress-based innate immune responses as a protective countermeasure.

Our investigation showed that syncytia formation alone can trigger low level IFN
responses and the upregulation of ISGs through an intermediate event of nuclear DNA
fragmentation. These results highlight a role for nucleic acid sensors in membrane perturbation
associated stress responses. This stress induced IFN response adds an extra layer of innate
immunity that may synergize with conventional PAMP detection based IFN responses and
enhance antiviral immunity.

Additionally, we have shown that extensive genotoxicity accompanies syncytia
formation, highlighting the enhanced cytopathic effects of syncytial viruses. Syncytial viruses
must manage a fine balance between their replication cycles and cytotoxic effects, as premature
cell senescence or death will impair further propagation of the virus. Hence, synchronizing
syncytia formation with late stages of a virus infection is an important feature for maximizing the
cell-cell spread benefits of syncytial viruses.

While many questions remain regarding the syncytial phenotype and its effects on both
the virus and the host, this study provides some insight into cell fusion induced innate immune
antiviral responses and highlights STING as a key player in the process.
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Appendix 1: The Role of Calcium in Antiviral Responses

Background
Calcium as a Messenger

The calcium ion (Ca?") is an extremely versatile messenger that can respond to both
extrinsic and intrinsic stimuli in all cell types. The information carried by a calcium signal is
encoded in the frequency, kinetics, amplitude, and spatial extent of the oscillation, and varies
depending on the type and intensity of stimulation !'%!!3, For instance, the frequency of
oscillation is directly proportional to the intensity of the applied stimulus 1213, The basal
cytosolic calcium concentration is maintained at about 100 nM !'2, When the cytosolic calcium
concentration changes due to calcium influx from the extracellular fluid or from intracellular
calcium stores like the ER and mitochondria, it provokes a cellular response 4. A sustained
increase in cytosolic calcium activates apoptotic programs; whereas, transient oscillating calcium
signals activate proliferation and pro-survival pathways 12115,

Calcium oscillatory signals are largely decoded through the phosphorylation-dependent
control of calcium-activated kinases and phosphatases, such as calmodulin-dependent kinase 11
(CaMKII) and calcineurin ''>!16, Recent evidence illustrates that phosphorylated and calcium
loaded calmodulin binds PI3Ka at its SH2 domains, initiating the PI3Ko/Akt signalling
pathway, which promotes cell proliferation !'7. The PI3K/Akt pathway has been implicated in
the host cell immune response through regulation of the transcriptional repressor EMSY to
induce the transcription of a subset of ISGs '8, PI3K pathways have been implicated in the
antiviral response to membrane perturbation, highlighting a link between calcium signalling and
membrane fusion of enveloped viruses 19129,

Recent findings illuminate additional evidence of a role for calcium signalling in the
innate immune system via the cGAS-STING axis '?!. STING activation can be regulated
through the binding of calcium by its dimer !22. Additionally, the interaction of STING with
STIM1, a regulator of store-operated calcium entry, anchors the two proteins to the endoplasmic
reticulum (ER), which influences their individual activity and links calcium regulation with type
I interferon signalling pathways '*!°. STING can also directly interact with numerous calcium
channels, such as SERCA2, ATP2B1, VDACI, and VDACS3, suggesting that STING when
activated may regulate Ca®" flux within the cell through such interactions 22,

Prior work in our lab demonstrated that the antiviral response to UV-inactivated
enveloped virus particles and the p14 FAST protein lipoplexes triggered cytosolic Ca?*
oscillations '8, Inhibition of Ca?" flux by 2-ABP, an inhibitor of calcium release from
intracellular stores, completely blocked the antiviral response to p14 and partially blocked the
response to UV-inactivated virus particles !8. Fusogenic liposomes could induce a Ca?* flux but
no antiviral response, suggesting that Ca?" is necessary but not sufficient for the antiviral
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response to membrane perturbations®’. We hypothesized that specific calcium signals at specific
cellular locations are required to achieve an antiviral state following membrane perturbations.

Genetically Encoded Calcium Indicators

To address our hypothesis, we decided to use genetically encoded calcium indicators
(GECISs) to better characterize and localize calcium signals. GECIs are calcium binding proteins
that consist of two domains: a calcium-binding domain derived from calmodulin, and a
fluorophore domain (Illustrated in Figure 3) '2%. The protein dynamics between the two domains
are engineered such that the GECI will produce a fluorescence signal in the calcium bound but
not free state '2°. A wide range of GECIs have been designed to target different intracellular
compartments by introducing localization tags and modifying the binding affinity (Kq) of the
calcium binding domain, such that it is within the dynamic range of the cellular calcium

Figure 8. Ribbon Diagrams of two types of GECIs: GCaMP and RGECO
Adapted from Jasper Akerboom, Front .Mol. Neurosci. 2013 March 4

We obtained three GECIs from the Hyser Group: GCaMP6s (cytosolic), GCAMP6s-
CAAX (cell membrane anchored), and RGECO1 (ER localized). These GECIs should help us
visualize calcium fluxes and localize the sources of calcium release upon enveloped virus
particle entry. If the cytosolic calcium oscillations are due to extracellular calcium influx, the
GCAMP6s-CAAX will respond. If the calcium oscillations originate from an intracellular
calcium store the ER, which is the largest store of intracellular calcium, is the most probable
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source, and the RGECO1 GECI will respond most actively. Following identification of calcium
localization, key receptors, kinases, and signalling proteins involved in this antiviral calcium
signalling pathway can be identified by assessing the effects of targeted inhibitors. Knock-down
experiments can further confirm essential protein players, as inhibitors come with a caveat of
being prone to generate off-target effects.

Materials and Methods

Generation of Cell Lines
All cell lines were generated using the same PiggyBac system used to make the inducible

p14-THF system described previously.

Live Cell Microscopy
GECI transduced THF cells were seeded onto a Nunc Lab-Tek 2-well Chambered

Coverglass (ThermoFisher Scientific) and GECI expression induced with 0.01pg/mL
doxycycline. 30 minutes prior to imaging, the media was replaced with FluoroBrite DMEM
(ThermoFisher Scientific) containing 1% L-Glu and 25mM HEPES, or UV-inactivated HSV
(MOI of 10) in the same media. Time course imaging was acquired on an Evos FL Auto 2
Widefield Microscope for a period of 1 hour, with shifting between mock and treated samples at
2 locations. The sample remained incubated at 37°C and 5% CO> throughout the imaging
process. Fluorescence intensity changes were quantified using ImageJ software, and compared in
terms of normalized corrected total cell fluorescence (CTCF), where CTCF=Integrated Density —
(Area of selected cell X Mean fluorescence of background readings).

Virus Particle UV-Inactivation

HSV was diluted in FluoroBrite DMEM containing 1% L-Glu and 25mM HEPES to an
MOI of 10 as per the following calculation:
Multiplicity of infection (%)

cells Dilution volume (mL)
X Cell count ( ) X
well

HSV titre (%—E) Infection volume (VT/nTllll)

500 pL of diluted virus was aliquoted into a 12-well plate and UV-inactivated at 6000pJ.
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Results and Discussion

Assessing Functionality of GECI cells

GECI transduced THF clones were screened by treating the cells with thapsigargin, a
drug that depletes ER calcium stores by stimulating calcium release and accumulation in the
cytosol. Thus, we expect thapsigargin treatment to trigger a significant change in fluorescence
signal in GECI expressing cells. Clones that displayed a significant change in fluorescence upon
thapsigargin treatment with minimal background were selected for further studies.

+ Doxyclycline + Doxycycline
- Thapsigargin + Thapsigargin

‘i -

GCaMP6s

© 400 pm

GCaMP6s-CAAX

RGECO1

400 um 400 pm

Figure 9. Response potential of GECI transduced THF cells, GCaMP6s (A and B), GCaMP6s-CAAX (C and D)
and RGECOI1 (E and F). The left panel (A, C, E) depict cells treated with doxycycline (1pg/mL) for 24 hours. The
right panels (B, D, F) depict cells treated with doxycycline (1pug/mL) for 24 hours followed by treatment with the
calcium releasing drug thapsigargin (1 pM). Images were taken within 30 minutes of thapsigargin treatment. Scale
bar indicates a size of 400 um.
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As expected, thapsigargin treatment in doxycycline induced cells resulted in an increase
in fluorescence intensity of the GCaMP6s and GCaMP6s-CAAX GECls, as cytosolic calcium
concentration increased. The fluorescence signal was also more concentrated near the cell
membrane in the GCaMP6s-CAAX GECI, confirming cell membrane anchoring of this GECI.
RGECOLI also responded to the thapsigargin treatment with a small fluorescence increase,
suggesting that RGECO1 may localize on the cytosolic side of the ER rather than inside the ER.
However, from these images (Figure 10) it is difficult to confirm whether RGECOL is in fact ER
localized at all, and further characterization of this GECI should be done to confirm its
functionality. Additionally, the RGECOI cells morphologically appeared somewhat stressed,
which could have also influenced our observations.

Kinetic Fluorescence Microscopy

Live cell, kinetic fluorescence microscopy experiments were performed to test if calcium
oscillations can be seen in the various GECI-transduced THF cells following HSV-UV
treatment. Flickering of cells was observed in GCaMP6s-CAAX THF cells treated with HSV-
UV, and when these fluorescence changes were quantified and compared to that of mock treated
cells, an oscillatory pattern in the fluorescence intensity was confirmed (Figure 11). Neither cell
flickering, nor oscillations in fluorescence intensity were seen in GCaMP6s THF cells (Figure
11). Since GCaMP6s-CAAX localizes to the cell membrane, this data suggests that HSV-UV
entry into cells triggers calcium flux across the cell membrane, and signalling proteins at the cell
membrane with known calcium-associated functions may be involved in communicating the
calcium flux to pattern recognition receptors. While virus particle entry appears to trigger cell
membrane localized calcium oscillations, we cannot yet conclude whether this calcium flux is
associated with the antiviral response to membrane perturbation. Additional delayed calcium
signals and signals from other calcium stores may also be involved. Longer time frame live cell
imaging would be informative in understanding all related calcium signals; however, cells
visibly began to stress about an hour into imaging despite the incubated stage and minimized
light exposure, posing a challenge for such experiments. Analogous experiments with the ER-
localized GECI (RGECOL1) still need to be conducted to see if ER calcium is involved in fusion
triggered calcium oscillations. Initial trials with the RGECO1 GECI faced the challenge of weak
fluorescence signal, which made it difficult to detect any changes.
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Figure 10. Calcium oscillations were observed in GCaMP6s-CAAX cells 30 minutes post treatment with HSV-UV
virus particles, but not in analogously treated GCaMP6s cells. The period of each oscillation was about 2 minutes
long, and the oscillations persisted for about half an hour.

Calcium Inhibition: Endogenous p14 fusion and ISG response

We have previously seen that treating cells with p14 lipoplexes triggers calcium
oscillations in the cell. Blocking these calcium fluctuations with inhibitors, such as BAPTA-AM
(a calcium chelator), and 2-APB (an inhibitor of the inositol triphosphate channel) resulted in a
loss of antiviral response to p14 lipoplexes. To test whether calcium signalling is also important
in the innate immune response to pl4-mediated cell-cell fusion, p14-THF cells were treated with
these calcium inhibitory drugs in the presence of doxycycline. Changes in the fusion capacity of
p14 upon calcium inhibition were visually monitored by examining the extent of syncytia
formation (Fig. 12A), and the antiviral response upon drug treatment was monitored by RT-
qPCR of ISGs (Fig. 12B). 2-APB prevented syncytia formation at the higher concentration of
200 uM, but not at the lower concentration of 50 uM. The effect of 2-APB on the antiviral
response to pl4 corresponded to its effect on fusion, whereby the higher concentration of the
drug blocked the antiviral response, while the lower concentration did not. BAPTA-AM did not
affect p14 fusion capacity, although it did slow down the process. Of note, BAPTA-AM may
wear off over the long time frame of treatment, as replenishing cells with fresh BAPTA-AM
every 12 hours resulted in significant toxicity.

Regardless of effective syncytia formation, both 200 uM 2-APB and BAPTA blocked the
antiviral response to p14. While this suggests that calcium is important for both p14-mediated
fusion, and the downstream antiviral signalling cascades, it is difficult to understand and
differentiate these calcium signals with inhibitors alone since calcium signalling is involved in a
plethora of different cellular processes. Future work should focus on optimizing long term
calcium imaging experiments with the GECIs or alternate calcium indicators and combine this
technique with inhibitory drugs to help us better understand the complex calcium signals
involved in membrane perturbations by virus-cell and cell-cell fusion and the associated antiviral
responses.
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Figure 11. Inhibition of calcium signalling impacts p14 fusion capacity and impairs subsequent antiviral response.
pl4 expression was induced with 0.01 ug/ml doxycycline. Calcium inhibiting drugs were administered
simultaneously at a concentration of 40 uM for BAPTA and 50 pM or 200 uM for 2-APB. A) The morphology of
the cells was monitored for syncytia formation up to 48 post treatment. 200 uM 2-APB prevented syncytia
formation, while 50 uM 2-APB and 40 uM BAPTA did not. Scale bars indicate a size of 400 um. B) Changes in
ISG expression levels were monitored by RT-qPCR. 200 uM 2-APB and BAPTA treatment significantly impaired
the typical ISG upregulation seen in response to p14 expression and subsequent cell-cell fusion. The fold change in
gene expression of each sample was calculated relative to wild type THF cells that experienced the same drug
treatment. The standard deviation was calculated across three biological replicates.
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Appendix 2: Supplementary Data

Optimizing the p14 Inducible Cell System

The initial experiment done to test for ISG upregulation in p14 expressing cells showed
low levels of ISG upregulation. Thus, we attempted to optimize the p14-inducible cell system,
such that ISG upregulation is maximized to facilitate comparisons in future experiments. The
amount of p14 being expressed and the cell density were two factors that were predicted to
contribute to the ISG response, thus we tested how various doxycycline concentrations and cell
densities influence the magnitude of ISG upregulation.
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Figure 12. The amount of p14 expression does not correlate with the magnitude of ISG response. Contrary to
expectation, treating cell with higher doxycycline concentrations to enhance p14 expression did not increase the
magnitude of the ISG response, thus the lowest concentration of 0.01 pg/mL was used in all future experiments to
induce p14 expression.
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Figure 13. The magnitude of ISG upregulation is cell density dependent. Cell were seeded at varying density (from
a low of 1x10* cells/cm? to a high of 5x10° cells/cm?) and treated with 0.01 pg/mL doxycycline for 16 to 48 hours.
Changes in ISG expression levels relative to untreated cells were measured by RT-qPCR. The magnitude of the ISG
response increased with increased cell density. Scale bars indicate a size of 400 pm.

These optimization experiments illustrated that the overall trend of ISG upregulation
remains the same regardless of doxycycline concentration, and the magnitude of the response
could not be increased with higher doxycycline concentrations, which should correspond to
higher levels of p14 expression (Figure 13). However, the magnitude of the ISG response did
appear to depend on cell density, which correlates to the amount of cell-cell fusion, with stronger
responses occurring at higher cell density (Figure 14). This suggests that the ISG response is
associated with the extent of cell-cell fusion and syncytiogenesis, supporting the idea that p14-
mediated membrane perturbations trigger an antiviral response in cells. However, cell density
can also affect paracrine signalling of IFN, as IFN is more potent at higher cell density where
IFN can reach and signal neighbouring cells more readily.
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Role of RLRs: Endogenous p14

In attempt to investigate the role of RLRs in the pl4-mediated antiviral response, THF
cells deficient in both RIG-I and MDAS5 were transduced to express p14 under a tetracycline
inducible promoter. However, these cells did not form large syncytia when p14 expression was
induced as seen previously with p14-THF , p14- IRF3”- and p14-STING”~ THF cells despite the
presence of significant p14 transcript levels in the cells (Figure 15A). This could simply be a
result of technical issues such as clonal variability from the production of the RIG-I/MDA5"
THEF cells. Alternatively, this could imply a novel role for RIG-I and/or MDAS in the process of
syncytia formation. RIG-I has been shown to associate with actin-rich membrane ruffles of
cytoskeleton and play a role in cell migration, which requires actin polymerization and
depolymerization'?®. Additionally RIG-I deficient macrophages have impaired phagocytosis and
actin polymerization'?’. Since syncytia formation requires extensive actin remodeling, cells
deficient in RIG-I may not be able to execute the required actin reorganization for effective pore
expansion.

pl14 expression in RIG-I/MDAS5" cells did not provide antiviral protection from VSV-
GFP (Figure 15B). This can be attributed to either the lack of cell fusion or the RLR deficiency,
thus we cannot conclude whether RLRs are required for the endogenous p14 antiviral response.
Knock-down or knock-out of RLRs or the downstream adaptor MAVS in wild type p14-THF
cells is an alternative approach that may yield fusion-competent p14-THF RIG-I/MDAS5"" cells
and allow for distinction between the two effects.
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Figure 14. RLR knock-out p14-THF cells produce good transcript copy number despite their diminished ability to
form syncytia. A) Cells were treated with 0.01 pg/mL doxycycline for 16 or 48 hours and the fold change in p14
transcript expression was measured relative to each cell type’s respective mock treated sample. All cell types
expressed similar amounts of p14, but no syncytial cells were visible. B) Cells were pre-treated with 0.01 pg/mL
doxycycline for 6 or 24 hours, then challenged with VSV-GFP. No antiviral response was observed.
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mTOR Activation in p14 Syncytial Cells

We’ve seen that endogenous p14 expression and syncytia formation can restrict virus
replication in an IFN independent manner (Figures 7 and 8). This suggests that other
mechanisms may be involved in reducing virus replication. Possible factors include senescence,
apoptotic, autophagic pathways or inhibition of protein translation. mTOR and its associated
pathways are involved in cell growth, proliferation, motility, survival, autophagy, protein
synthesis, and transcription!2®. Thus, the activation state of key players in the mTOR pathway
can help identify what pathways may be contributing to the antiviral state of syncytial cells. p70-
S6 kinase is a serine/threonine kinase downstream of the PI3K/AKT/mTOR pathway and targets
the S6 ribosomal protein!!+!!>, Phosphorylation of p70-S6 kinase induces protein synthesis at the
ribosome and is used as a marker of mTOR activation. Phosphorylation of p70-S6 kinase
correlates to autophagy inhibition and protein translation initiation'?®. We looked at the
phosphorylation state of p70-S6 kinase in p14 expressing syncytial cells to see whether mTOR
associated pathways may be activated or inhibited. p70-S6K was activated in p14 syncytial cells
suggesting active protein translation and inhibition of autophagy; however, the mechanisms of
how p70 is activated in p14 syncytial cells has not yet been investigated and the association
between this pathway and STING signalling, if any, remains unknown in this system.
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Figure 15. p70-S6 kinase is activated in pl4-induced syncytial cells. p14-THF cells were treated with 0.01pg/mL
doxycycline for 24 hours. Cells were then placed under serum-free conditions for 2 hours, which served to
dephosphorylate p70SK6 as cells enter a stable GO state. Subsequent stimulation with essential amino acids rapidly
induced p70S6K activation through phosphorylation by mTORCI1, which is activated via the PI3K pathway.
Persistent activation of p70SK6 was observed in syncytial cells.
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