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ABSTRACT

The plasticity of influenza A virus (IAV) genomes enables rapidlution of
resistance to antivirals that directly target viral proteins. By contrast;tdrgsted
antivirals have the potential to disrupt key steps in viral replication and alert the immune
system in a manner that is not so easily overcome by rapiceviolution. Like all viruses,
IAV uses host protein synthesis machinery to produce viral proteins. IAV mRNAs access
t his machinery by -ciapc osrtprourcattu rnegs haorsdt  ndbiom
polyadenylate tails. Host cagependent translation requirdse RNA helicase elF4A.
Here, | demonstrate that treating infected cells with elF4A inhibitors silvestrol or
pateamine A inhibits IAV replication by preventing the accumulation of viral proteins
required to support viral genome replication. However, thesapounds were also
cytotoxic, limiting their utility as hostargeted antivirals. The McCormick lab identified
the thiopurines @hioguanine (6TG) and 6thioguanosine (@ Go) as candidate molecules
that stimulate host stress responses. | showed thae ttieopurines inhibited AV
replication by activating the host unfolded protein response and selectively preventing the
accumulation of 1AV glycoproteins. Importantly, these molecules were not cytotoxic at
doses required to disrupt viral replication. Hiya directly investigated the plasticity of
the IAV genome by identifying host adaptation mutations required to support viral
replication in a murine infection model. | characterized novel substitutions in the viral
polymerase subunits that increasediypm®rase activity and viral replication in cultured
murine cells. Together, these studies have advanced understanding of the molecular basis
of host adaptation and identified vulnerabilities that can be exploited bytangsted

antivirals.
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CHAPTER 1 : INTRODUCTION

1.1  Overview of Influenza

The influenza virussgenerallycausesnild iliness, but it can lead &evere
morbidity and mortality with annual epidemics associated »w2(0,000500,000deaths
worldwide (Paget et al., 2019The virus is spread through respiratory droplets, aerosols,
and less frequentlyomites(Kutter et al., 2018; Richard & Fouchier, 2018¥luenza
virus infection typically leads to the onset of a fever, headache, cough, muscle aches, and
fatigue.In most healthy individuals, infection resolves 1@ days with minimal long
term effects. ldwever infectioncan result in severe immune dysregulation and tissue
injury, resulting in hospitalization arah death.Infection can also lead to immune
supprasionin the lungresulting in secondary bacterial infectiolbese scondary
bacterial infectionganlead to further complicationgeading to a worse prognoses the
infected patientFurthermoresome bacterial infections canhance nf | uenzads i nf
of the lungby secreting cdactors that aid in viral replicatio®everal cemorbidities
increase the risk fanfluenzacomplicationstheseincludeobesityandinfecton with
human immunodeficiency virygionce & SchultzCherry, 2019)

Influenza viruses belong to ti@thomyxoviridag=amily and are separated into
four differentGenera. Thélphainfluenzavirus$senus contains the influenza A virus
(IAV), which is furtherdividedinto different subtypes based on their glycoprotein make
up. IAV species are subtyped by agghic properties of surface glycoproteins
haemagglutinin (HA) and neuraminidase (NA). There are 18 different subtypes of HA,
and11 different subtypes of NA. Currently, HIN1 and H3N2aulat in humansand

cau® seasonal outbreak¥. Wu et al., 2014)However more broadlyAV infects a



plethora of specigseyondhumars includingwaterfowl, horse, pigs, and bat. IAV can
jump from a reservoir species into hurgahis event is termed zoonosidhe large
number of reservoir speciearrentlymakes the eradication of IAV impossiblehe
Betainfluenzaviru§&senus contains the Influenza B virus spe¢iB¥), which instead of
diverging intotwo subtypes baseah HA and NA clusteringThe two subtypes athe
Victoria and Yamagata lineages. IBWly circulates imumans and seal&ith the mass
majority of IBV infections arising from humato-human transmissiorinterestingly,
both lineages of IBV cocirculate along with IAR humansThe pandemic potential of
IBV is much less than IAV due to itack of extraneous genetic diversitytherestricted
reservoir specieaules & Subbarao, 2017Mhe antigenic sites ilBV evolve at a
slower rate than IAV as welMatsuzaki et al., 2004The Deltainfluenzavirussenus
contains the Influenza D virusdgatare found in pigs and cattéad do not circulate in
humans The lastGenus,Gammainfluenzavirysontains the influenza C virushich
rardy causes disease in humaAmonginfluenza species, IAV has caused the greatest
damage to our civilization, iterms ofeconomic loss and cost of human lifbave
focuedmy thesigesearcton IAV due to its clinical relevance

Influenza infection can lead to viral pneumonia, which loa accompanied or
followed by a secondary bacterial pneumdi@hort et al., 2014Pneumonia can lead to
acute respiratory distress syndrome (ARDS), a fatal complication of viral infection.
ARDS is characterized dgw oxygen in the blooghypoxaemia)respiratory failure, and
pulmonary edeméiluid in the lungsWwhich canresult in mdtiorgan failure. ARDSan
deadly, with datality rate up to 60%n some studieéShort et al., 2014 Damage to th

alveoli reduces gas exchange as the alveolar space fills with fluid containing



inflammatoryimmunecells, fibrin, and red blood cells. The tight junctions made by the
type | and type Il epithelial cells of the alveoli are disrupted by infection, praggess
edema of the lun{Short et al., 2014)nfluenza virus infection results in the death of the
epithelial cels, weakening the cell layer. Influenza primarily damages bronchial or
bronchiolar epithelial cells buhe damagés not limited to this area. Neutrophils and
monocytes also infiltrate the alveolar space, adding immunological pathblerg;.the
activatedmmune cells directly damage the epithelium of the alvéaiiheringthe
disease manifestation. Damaged epithelial cells and activated leukocytes release more
chemokines and cytokines to further recruit more monocytes and neutrophils, leading to a
positivefeedback looghat further damages the lu(@Quan et al., 2017)

IAV is responsible for five major pandemics in the last century. The first, and
most notablewasthe 1918 H1N1 pandemic, commonly referred to asi@panish fla.
This outbreak occurreasWorld-War | wascoming b an endenabling the virus to
disseminate across the gifollowing troop movementslhe 1918 H1NJandemic is
estimated to have ended-20 million lives(Barry, 2004; Flahault & Zylberman, 2010)
The H1N1lviruscirculaiedin the human population until it was replaéced 957 by a
H2N2 virus In 1957, a H2N2 virus emerged into the human population, leading to the
deaths of 1 to 1.5 million individuals. This outbreak is generally referredthe 88sian
flud. H2N2 then circulated alone until 196@hen it was replaced lnH3N2 virus
during thefiHong Kong flto o u t(Fahaulag&Zylberman, 20)0This H3N2
established transmission within the human populationsastll in circulationtoday. In
1977, HIN1 reemerged in the USSR and-eatered the human population. Anyone older

than 30 years had prexisting immunity to this virus, due to its circulatiomo decades



earlier. Retroactive investigation has determined that the HLN1 virus that emerged in the
USSR in 1977 was almost identical to the H1N1 in circulation i 1@%h littl e genetic
evolution over thewo decads Because of this, researchers speculate that HEN1 re
entered the human populatiaocidentally through artificial meanshere aréwo likely
hypothesesn how this happenedhe firstis a laboratorysacquired infetion from a
laboratoryworkerhandling the extinct virysandthe second being a failed attempt to
cold-adapt a HIN1 isolate from 10%nd its subsequent use in a vaccine trial. The
evidence for the latter hypothesis is supported by genetic analysisezrtiest samples
from this outbreak harbouring celilapted mutations seen in kadenuated vaccines
(Palese, 2004; Rozo & Gronvall, 201bjespectiveof how H1N1 reemerged into the
human population, it coirculated with H3N2 until it was replaced in 2009 by an
antigenically distinct HIN1 during the swine flu panderifiize HIN1 virus that emerged
in 2009 continues too-circulate with H3N2. Interesting)yhe transmission of IAV has
been limited duringOVID-19 pandemic due to thenplementation ohon
pharmaceutical interventionscluding reducednter- and intranationalmobility, social
distancing, mask wearing, shutting down high gektors othe economy andhand

washing

1.2 Influenza A Virus Structure and Replication  Cycle

IAV is an enveloped virus composed of a6lRilobase (Kb) negativsense
RNA genomehat contain$ differentribonucleoproteifRNP) complexeslAV encodes
at leastl2 proteins across 8 gen@segments. The viral proteins are polymerase basic

protein 1 (PB1), polymerase basic proteifrdme 2 (PB1F2), polymerase basic protein



2 (PB2), polymerase acidic (PA), polymerase acidic protein XXpAemagglutinin

(HA), neuaminidase (NA), nucleoprotein (NP), matrix protein 1 (M1), matrix protein 2
(M2), nonstructural protein 1 (NS1), and nuclear export protein (NERg.viral

polymerase is a heterotrimeric complex composed of PB1, PB2, anthBAimeric
polymerase compk formsan RNA dependent RNA polymera@edRp)that synthesises
viral MRNA and viral genomic RNA (VRNAEach genome segment carries its own
polymerase complex. The viral genome segment is also coated by NP. Together, the
VRNA, RdRp and NP form viral ribonucleoprotein complexes (VRNPS). The envelope of
influenza is derived from the host plasma membrane. The viral envelope contains three
viral transmembrane domain proteins, HA, NA, and M2. HA makes up the majority of
viral glycoproténs inthe envelope, followed by NAhen followed bym2. Like all

matrix proteinsM1 is found under the viral envelope, where it interacts with both the
viral glycoproteins and the packaged vVRNPs.

IAV enters host cefithrough receptemediated endocysis after bindingts
receptorsialic acid on the cell surfacéialic acid is found as a terminal linkage on N
linked glycans and on lipids in the phospholipid bilay&K can infect the cell using
clathrinmediated endocytosislathrinindependentand caveolin independepathways
(Lakadamyali et al., 2004The endosomtavelsalong therecyclingendocytic pathway
and becomes an acidic late endosome. The reduction deptdtonates HA
subsequentlghangng its conformation and activatg intrinsic fusogenic properties. HA
penetrates the endosomal membrane with its fusiondeegtid promotes the fusion of
viral envelope to host membragai & Freed, 2015)TetrameridVi2 alsochannels

protons across the viral envelope to acidify thel vioae. The aidification of the virion



corereduceghe affinity ofM1 for thevRNPs, allowing proper uncoating of viral
genome segmentAV transcribes viral MRNA aneplicates its genome in the nucleus
of its host cellTherefore, the vVRNPs must mi¢gao the nucleus via known nuclear
localization signals (NLS) found on several proteins in the VRNP coniphexnfluenza
virusis one ofonly two RNA viruses that replicaia thenucleus, the second being
human immunodeficiency virusll other RNA viruses replicate in the cytoplasm
Replication in the nucleus provides IAV with access to essential host macdhineinal
MRNA synthesis and replication of vVRNA.

Each genomsegment carries its own trimeric polymerase complex. All eight
segmentsofthe AV genome have conserved 12 and 13
and 56 ends respectively. Thaysaedfosheaguences
duplex. These nucleotides are thought to creat®a8rkscrew structure that is essential
for polymerase binding and functig@auldwell et al., 2014)'he incoming VRNPs are
recruited to host RNA polymerase Il (Pol 1l). PA has affinity to the@inal domain
(CTD) of host Pol Il, giving the viral polymerase privileged access to nascent host
transcriptslAV transcription is likely activated by the binding of PA to the CTD of RNA
Pol Il (Serna Martinetal., 2018y he vi r al p ol y/imethylguwmmosines es t he
cap ( &dn hasamRNAssa primerto synthesize its own mRNA. The trimeric
pol ymer ase c¢ o ncppoféhast transaniptsshroudgihe PB2cépbinding
domain. Viral PA then cleaves the transcript <1¥0nucleotides downstream of the cap
through itsendoribonucleasgéomain.The endonuclease domain of PA is strongly
activated by manganese iofarthermore, the endonuclease domain ofésembleshe

typell class ofrestriction endonucleas€@ias et al., 2009PB1 contains@RdRp



domainthatis responsible for synthesizimgw RNA moleculesmRNAs from segments

7 and 8 are spliced by host factors to synthesize alternative ORFs. Viral mRNA is
exported from the nucleus to the cytoplasm where it is translated into viral proteins. The
viral glycoproteins HA and NA are targeted to greloplasmic retidum (ER) for

imbedding into membranes and appropriate PTMs. M2 is also targetedER thatis

not glycosylated. HA, NA, and Mthen localizeso the plasma membrane through the

Golgi apparatufollowing the secretory pathwall other viral proteins a synthesized

on free cytoplasmic ribosomes. Some proteins contain a nuclear localization signal (NLS)
to target them to the nucleus to fulfill their function.

During genore replication, the fullength negative sense genome is copied to a
replicative inermediate, termed complementary RNA (cRNA). cRNA is then used as the
template to further synthesize full length genomic RNA (VRK2gdonaite et al., 2019)
Synthesizing the cRNA and subsequently VRNA requiszgly synthesize@olymerase
complexes and NF.he new polymerase complex and NP stabilize the replicative
intermediates and allow replication of the viral genoR@wly synthesized polymerase
complexes form asymmetreterodimer complexes, withofie | d 6 RdRp compl e
dimerizing with the newly synthessd RdRp complex. The heterodimeric complex
initiates primefindependent synthesis and stabilization of cRNA. The formation of the
heterodimeric complex also utilizes host factors as scaffolds to form higher level
structuregCarrique et al., 2020ERNA is then used as a template to synthesis genomic
VRNA with, again, newly synthesized RdRp subunits to form progeny vRNBgeny
VRNPs are then exported into thgtoplasmand trafficto the plasma membrane for

packaging in buddingarticles(Lakdawala et al., 234). vVRNPs rely on host recycling



endosomes for the migration from the nucleus to the plasma membrane. Specifically, the
small GTPase Rabl1l is responsibledoncentratinggRNPs on small intracellular
vesicles and their subsequent migration to the plasma membrane where they are packaged

into budding particlegBhagwat et al., 2020)

1.3 The Viral Envelope ProteinsH A, NA, and M2

IAV virions can assume two distinct morphologies, spherical or filamentous. The
spherical morphology is often observed in laboratory settings. Serial passaging in
embryonated eggs rapidly selects against the produstiflamentous virus. By
contrast, serial passaging laboratory strains in animal models selects for flamentous
particle formation. Filamentous virus is significantly longer than spherical virions,
ranging upwards of 30 um, and is thought to be a gereaire of the orthomyxovirus
family (Dadonaite et al., 2016l is thought that filamentous particlegorporate
significantly more HAiInto the virion,which aidsinfiltration of mucosakurfaces by
increasing binding to sialic acid receptors. Consistent with this idea, filamentous viral
particles also require higher leveissecreted immunoglobulin A (IgA) toe neutralized

(Lakdawala et al., 2011)

1.3.1 Haemagglutinin

Haemagglutinin (HA) is the most abundatycoprotein on the viriorHA is a
homotrimer ands responsible for attachment to the host aetl membrane fusion in the
late endosomeéHA has a Nterminal signal sequence that allows it to be translated at the

ER as a prgrotein known as HAQElder et al. 1979) HA undergoes posgtanslational



modifications during its synthesis and is embedded into the ER membrane by a C
termiral stop transfer sequen(@rabherr & Ernst, 2010; Schmidt, 198Zhe
trimerization ofHA is requiredoefore it translocatgo the GolgiapparatugGething et
al., 1986) The farthestsection of HAfrom the membrane is a globular head which
contains the receptor binding domain (RBD), while the membrane proaresdontains
astretchof hydrophobic amino acids that compose the fusion pefitilson et al.,
1981) HAO is cleaved by the host protease TMPRSS2 and other trjksiproteases
into HA1 and HA2, with the globular headmprisingHA1, while the fusion peptide
resides in HAZKlenk et al., 1975; Limburg et al., 2019; Meyer et al., 20H2)
cleavage is essential to generate an infectunisn, becauseleavage liberates the
hydrophobidusion peptide in HAenabling its fusogenic properti€3ecreted &cterial
secreted proteases calsoactivate HA Thus a ceinfection withStaphylococcusan
enhance IAV disease progression through its secreted pratedsebsequemitivation
of HAO (Tashiro et al., 1987)

The RBD of HA recogries and bind® terminalsialic acid, whichcan alsde
referred to ameuraminicacid, on plasma membrane resident glycoproteins on the surface
of host cells. Glycoproteins containliked glycosylation, where oligosaccharides are
added to asparaginesidues postranslationally in the ER lumeirheN-linked
oligosaccharides are further trimmed and modified in the Golgi apparatus. Most mature
oligosaccharides are terminally modified with sialic acid bonded to galactose. Sialic acid
can be linked to galactose U-2,3or U-2,6-linked sialytgalactosybond Human
adapted IA\8 generallyhave ahigh affinity for U-2,6 linked sialic acidwhereasavian

adapted strains preferentially bibkR,3 linkagegRogers & Paulson, 1983V binds



thes sialic acid linkages as its receptor, which leads to receptor mediated endocytosis
into an endosome. The endosome acidifies, which deprotonates key amino acids within
HA, leading to a conformational change of cleaved HA resultirxposure of the
fusion peptiden HA2 (Russell et al., 2018 heexposedusion peptide penetrates the
hostendosome membrane, resulting in thgion of the viral envelope and the endosomal
membraneOnce the viral envelope has mixed with the host endosomal membrane, the
internalviral ribonucleoprotein (vVRNP) complexage released allowinpem to transit
to the nucleusinitiating infection

Highly pathogenic avian influenzas (HPAI) contain aypakic cleavage site in
HA, allowing it to be recognized and proteolytically cleaved by the host protease furin
(Luczo et al., 2016 Furin is a protease that is highly abundamhosthumantissues.
Both H5N1 and H7N9 are classified as HPAI. HPAI viruses disseminate from the site of
infection and replicate in multiple tissues across the body, leadsygtemidanfection
resultng in ahigh mortalityrate(Luczo et al., 2015 Estimates of case fatality ratio
range from 14%0% (F. C. K. Li et al., 2008)Conversely, the case fatality rate of
seasonal H1IN1 is 0.3%.H5N1 entered the human population and established
transmission humato-human, the results could be catastrophic. Zoonosis occurs through
direct contact with a reservoir (waterfowl) species or an intermediate host (swine)
(Richard & Fouchier, 20165everakey adaptations must occur in zoonotic viruses to
overcome evolutionary bottlenecks and establish sustained transmission between humans.
HPAI struggle to establish humam-human transmissiondéteo HA6 s @26f i ni t vy
sialic acid residues, adaptivelpmerase mutations, and resistance mutations against

innate antivirakestriction factors.
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1.3.2 Neuraminidase

Neuraminidas€NA) also binds sialic acid modifications on glycoproteins. NA
destroys the sialic acid receptor by removing it from surface glycoprogéyeslipids,
and off HA The removal of the sialic acid receptor prevents viral aggregation at the
plasma membrane dugregress, enabling efficient viral release from the host cell
(Gamblin & Skehel, 2010)NA shows unique antigenic properties across different IAV
subtypesAntibodies against NA prevent its sialidase actiaigimpair thevirus from
buddingfrom infected cellsTheNA glycoprotein forms tetrameric shgpeith thehead
of the proteirharbouring thesialidase activitfGamblin & Skelel, 2010) NA is a type Il
transmembranglycoprotein. NA requires Nnked glycosylation for its proper folding,
dimerization, and maturation.

Previous reports show thiatpairing the glycosylation of NAramatically
reduceghe formation of tetramariNA. Monomers form dimers through the formation of
an intermolecular disulfide linkage in the stéfaito et al.1995) NA dimers then
oligomerize further to form a tetramd@helAV strain WSN (HIN1)NA has been
identified to harbour Bl-linked glycosylationsat positionsasparagind4, 72, and 219
(Bao et al., 2021 Mutatingthe asparagineesiduego a glycineon NAresulted in a
product thamigrated at a lower MW and with reduced protein accumulation.
Furthermore, thasparagin@19 mutant could not be rescued as an infestiowus when

reverse engineered into the vi(&aito et al., 1995)

1.3.3 Matrix 2
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The matrix 2 (M2) proteinsithe least abundant protein fowfdhe surface of
virions, only accounting for ~1% of proteifthe 97 amino acid protein forms a
homdetramer that is stabilized by disulfide bridges. TheeNninus ofM2 is surface
exposedywhereaghe Gterminus igpositioned irthe virioninterior (Manzoor et al.,

2017,p. 2) The transmembrane domahthe homotetramedorms the proton channel.
Thechannekelectively transfers protons form the late endosome taitilo@ interior.
The acidification of the virion cordissociateshe M1 protein from the VRNPs, allong
their migration to the nuclef3o & Torres, 2019)M2 is essential for IAV entry and
uncoating into a host cell.

M2 also deprotonates thians-Golgi network, preventing the activation of the pH
sensitive HA during its migratioto the plasma membraf€iampor et al., 1995)The
viroporin shows unidirectionality for proton migration across the chamwitl protons
moving from the Nterminus to the @erminus M2 alsofacilitates egress byssion of
the viral membrane off the host plasma memhrAméibody responses against M2 have
shown protection in animal models, primarily thought to target infected cells for antibody
dependent cellular cytotoxicifWelappan et al., 2020The viroporin is also thought to
perturb the activity of other cellular ion channels such as the cystic fibrosis
transmembraneonductanceegulator (CFTR) that is present in the apicahmbrane in
the lung. Impairing CFTR is thought to affect the absorption and secretion of fluids in the

air space, inducing pulmonary ede(ia & Torres, 2019)
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1.4 The Mechanisms of  Antigenic Shiftand Drift

The segmented genome allows the virus to reassort its segments with other
lineages to generate a novel virus. Any segment can undergo reassortment; the easiest to
detect is the reassortment of HA and NA due to their prevalence on viral particles and
subsegent detection by antibodies. If NA or HA isassorted, then the antigenicity of
the progeny virus may change sufficiently enough to evade immune surveillance in a
process termed antigenic sh{fzan Poucke et al., 2010; Wille & Holmes, 2020)
Reassortment requires one cell to be infected with two different viGsesme
reassortment have created viruses responsible for previous pandemics, such as the H3N2
outbreak. Intermediate animals may serve as vessels for reassoRomenstance, igs
have equal -2b8nda e26siaioadeiattdmithl linkges(lto et al.,

1998) Pigs are permissive to infection by both avian and hutmagoic viruses, and

subsequent segment switchicenl ead t o ant i g e ni-2¢3 linkdgesret . Il nt
dominate in the chicken, buk2,6 sialic acid linkages afeundat lower concentrations

in the respiratory and gastrointestinal tract of domestic chiqkarsta et al., 2012)

The RAdRp encoded by | AV has poor fideld.
capabilities, resulting in an exceptionally high mutation rate of 4:3x10.5x10°
substitutions/site/replication (s/s(fjobusawa & Sato, 2006At this rate,oneto-two
mutations are introduced into the IAV genome every time it is coptesllow fidelity
polymerag allows the rapid generation of mutant viral genotypes. At one given time
point, there is one dominant genotype (>50% prevalence) in the viral population. Due to
the high level of mutation from the RdRp, mutations quickly arise. Any mutation that is

not immediately selected against exists within the viral population as a quasispecies.
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These mutations are quickly selected for through evolutionary pressures, with the rare
mutations quickly becoming fixed as the dominant genotype if they show an advantage
ove their parental genotype. This rapid generation of mutations and their subsequent
fixation allows the virus to Adrifto an
surveillance or enhance the viruses fitnggsChen & Holmes, 2006; Nobusawa & Sato,
2006) The accumulation of mutations in antigesites in HA and NA is termed

antigenic drift.Lam and ceauthors havehown that vaccination in itself changes the
antigenic landscape of virus#gough selectioflLam et al., 2017)H3 subtypes evolve

away from seadctive antibody pressures faster than H1 subtypes and B lineages, with new
H3 variants replacing older strains quickiay et al., 2001; Petrova & Ru#is2018; Z.

Xu et al., 2010)

1.5 Direct Acting Antivirals Against | nfluenza

Current vaccine strategies against IAV are not highly efficacious at preventing
IAV infections. Overall, vaccine coverage remains poor across the general population.
IAV, as stated in 1.4, intrinsically generate mutations in their populations, allowing for
the rapid generation and selection for immune escape mutations. The high rates of annual
IAV infection necessitateantiviral therapies to treat infected individudfsaninfected
individual requires medical attention or hospitalization, the active viral infection can be
treated with antiviralsDirect acting antiviral therapy uses a small molecule that

specifically impairs the function of a viral proteimhich in turn ifnibits viral replication

1.5.1 NA I nhibitors
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The class of NAnhibitors are the most common antiviralsedagainsitAV
infection This class osialidase inhibitorgontainsoseltamivircarboxylatgt Ta mi F1 u E) ,
zanamivifl Rel enzaE), | Bhj namd v(RapivattiTaniFiuis
stockpiled by governmenis prepaationfor the next influenza pandemieeneghan et
al., 2016) NA activity is essential to theeation of infectious progeryy destroying the
cellular receptor and liberating budding viral particteseltamivir carboxylatenimics
sialic acid, allowing it tdoindto the sialidase domaof NA and prevents iteeceptor
destroying capabilitieS herefore, seltamivir carboxylatacts as a receptor decoy
specifically for NAthat blocks its enzymatic activity

Oseltamivir phosphate is taken as an oral tablet and is absotbéle blood
stream Oseltamivir phosphatendergoegster hydrolysidy hepatic esterasewhich
converts iinto the active metabolite oseltamivir carboxylate. Roughly 75% of
oseltamivir phosphate is converted to oseltamivir carboxiégeet al., 1999)
Oseltamivir must be taken within 2 days of symptom onset for antefiiahcy
(Moscona, 2005)O<eltamivir carboxylate shows variable inhibitory concentration 50
(ICs0) concentrations across different viral isolates, with thed@ncentration ranging
from 0.01 to 70 nMDavies, 201Q)Current administration of 75 mg twice daily leads to
a oncentration of ~330 nh theplasma with a halfife of 6-10 hourgHe et al., 1999)
Secretion ighought to be through the kidneys, with individuals with renal failure
showing a reduction in oseltamivir carboxylate secrefitamet al., 1999)

An unbiased sysmatic reviewof randomized control trialshowed a modest
reduction in disease when oseltamivaistaken therapeutically, with a reduction of

symptoms from 7 to 6.3 day3efferson et al., 2014lHowever, oseltamivir showed
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significant protection against symptomatic infection when taken prophylactically
(Jefferson et al., 2014y he number neded to treat to benefit (NNTB) is 100 in
preventing the development of pneumonia, while the number needed to treat to harm
(NNTH) is 28 to cause a mild side effédefferson et al., 2014The increase in risk of
side effects due toseltamiviris nearly four times greater than the associated decrease in
risk of pneumoniaZanamivir is administered to the site of infection through nasal spray
or inhalation shows similar effects as oseltamiwith a reduction in disease
manifestation by 16 houfdefferson et al., 2014)here is strong evidence that
oseltamivir reduces viral replication and disease manifestation when applied to a
sensitive virus.nterestingly oseltamivir enhanced infection of some virugesitro,
where impairing the receptor destroying
ability to bind to its host ce(lLin et al., 2009)

The use obseltamivirselects for resistance mutations within the viral genome.
The N1 H274Y mutation has been found to dramatically reduce the pharmaablogic
effect of oseltamivir carboxylat&he H274Y mutation has been found to arise within
treated patients with ARDS, which resulted in higher mortality rates over individuals
infected with sensitive viruses during treatm@ehillil et al., 2020) The prevalence of
resistance ircurrently circulating 1AVs is low (~1%), but resistance was found in
upwards of~99%% of H1N1 isolates during the 20@008 H1N1 influenza seasam
some locationgCasalegno et al2010; Dharan et al., 200%ortunately, the HIN1 that
entered the human population in 2098ensiti\e to oseltamivir, with no significant
increase in the prevalence of antiviral resistance to @diteer mutations that reduce NA

inhibitor effectiveress caralsoarise in HA, with mutations showing decreased affinity to
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sialic acid and subsequently reducing the need fo{R&¥xaud et al., 2011)ere, HA
can compensate for impad NA activity by reducing its affinity to sialic acid, reducing

the threshold of liberation during budding.

1.5.2 M2 | nhibitors

Amantadine and Rimantadine are the two clinically approved M2 inhibitors. M2
is a hometetrameric proton channel thatomoteshe acidificationof the viral core
during entry. Amantadine and Rimantadine work by preventing the translocation of
protons into the virus core, preventing successful uncoating of the genome during entry.
The proton channel spans from thd'28 46" amino acid, which also includes the
transmembrane domaifhehomotetramestructure makes a pore acrosséhgelope
for protons to migrate througResistanceéo M2 inhibitorsis caused bp31N, V27A,
and L26Fsubstitutionsvithin the proton channébchnell & Chou, 2008)These
mutations are neutral to the fitness of the virus, meaning there is no negative stdection
revert sensitivity to the antiviral. IAV quicklgvolves to resistmantadine treatmerithe
generation of antiviral resistant virus can occur within a few rounds of replication within

an infected individua{Schilling et al., 2004)

1.5.3 Polymerase I nhibitors

The most recently developed direct acting antiviral against IAV is baloxavir acid,
the active form of baloxavir marboxil, which specifically inhibits the viral heterotrimer
polymeraseThis new antiviral has yet to be approved by the FDA and subsequently i

not used in clinical settinga North America although evidence supports its safety in
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adults(Koshimichi et al., 2018)Transcription of viral mMRNASs requisghe virus to
Asnat c ltapfrominast MREAs. PB2 in the polyerase has a cdpnding domain,
which allows the firsiL0-14 nucleotides to be cleaved by the endonuclease domain in PA.
T h e capi®used as a primer to synthesize viral mMRNA; the mRNA is synthesized
through the activity of PB1 RdRBaloxaviracid binds andmpairs the endonuclease
activity of PA(Noshi et al., 2018)Baloxavir acid effectivéCso values against diverse
influenza viruses is around ~6355 nMconcentrationdNoshi et al., 2018)

Serial passaginbAV in the presence of baloxavir acid generated a PA 138T
substitution that reduced threi r sessiidty to babxavir acidby 30 to 46fold.
Interestingly, the PA 138T mutation reduced viral polymerase activity, indicating that this
adaptation may have a detrimental effect on viral fitideshi et al., 2018Baloxavir
marboxil is administered as a single oral dose, where it is absorbed by the Gl tract and
metabolized into its active compouhdloxavir acid. The halife of baloxavir acid is
~40-90 hours and is excreted into the feces. No significant side effects were identified,

several liver enzymesereasymptomatially elevated Koshimichi et al., 2018)

1.5.4 The Needfor New Antivirals

Clinicians currently us®&lA inhibitors as alirect actingantiviral to treat IAV
infections.Fortunatelythe virus that caused the swine flu pandemic in 2089
sensitive to neuraminidase inhibitors. Previous experiences with oseltamivir resistance in
circulating HIN1 during the 2082009periodshould prove a warning to the worldwide
spread ofntiviral resistantAV. This highlights the need for new antivirals to tre@VI

infections.Medicinal chemistry studies are currentiyderway to modify the oseltamivir
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carboxylate structure to optimize its antagonistic effest®t al., 2020) Baloxavir
marboxil also shows promise as a direct acting antiatdlpugh drugresistance
emerges rapidly in expeniental evolution experimentsurthermore, The PA 138T
mutation has been identified wiral isolates from treated individug[$akashita et al.,
2019) Other new antivirals that are currently in development incfadipiravir, which
actsas a broad antiviraFavipiravir is apurineanalog thamutagenizes the genome of
IAV by increasing the frequency of-0-U and Gto-A mutations in the genome
(Baranovich et al., 2013fravipiravir treatmehmay also encouragbée viral polymerase
to terminatechain synthesis during viral replicatidrthe nucleoside analog is
incorporated numerous timéShiraki & Daikoku, 202Q)Resistance to favipiravir has
already been identified, with resistance mutations arising within theaR8PA
polymerase unit§Goldhill et al., 2018)Direct acting antivirals have a low genetic
barrier against resistance, with the esditgd antivirals generating antiviral resistance
rapidly during circulation. The rapid generation of antiviral resistémdé&ect acting
antiviral treatmentsontinue to plaguéAV treatment regimenis clinical settings
(Toots & Plemper, 2020)

Targeting host factors during viral replication n@gvide a highegenetic
barrierfor the emergence oésistanceHere, | aim to develop a hetstrgeted antiviral
(HTA) that will impair viral replicationSeveral new antiviral strategissek to
specifically target host factors that are essential for viral replicaliorent research
programs aim tadentify and impair host factors that are essential to viral replication.
Blocking these host factors that are essential to viral replication will likely inhibit viral

replication.Previous studies have demonstrated antiviral properties of HTAs against
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IAV, enterovirus, parainfluenza virus, SARSV-2, dengue, and HCYL. Bauer et al.,
2017; H-H. Hoffmann et al., 2017; Seyedpour et al., 2021; Villareal et al., 2015;
Watanabe et al., 201 TAs may also be effective across differgirus families, with
broadspectrumeffects by targeting common host factor that supports viral replication
(Chitalia & Munawar, 2020)AYV relies upon host translation and the ER, making these
host factors appropriate targets for antiviral therafdeth pathways can be targeted

with pharmaceuticals to temporarily block their function. | also outline potential
cytotoxic effects that may arise during treatmémtChapters 3 and 4, | characterize
candidate antiviral compoundsat impair host factorhatdisrupt cellular function to
subsequently impair viral replication. The fihgisttarget is the RNA helicase eukaryotic
initiation factor 4A (elF4A) to reducéral proteintranslation. The second host target is
the hostdés ER, which is r espohwillinamceverf or
the background, pathways, and stress responses in host translation and the ER. | finish
my thesis by further stlying theextent of hostAV interactions during the adaptation of

IAV to a new host.

1.6 Generation of Host MRNA , mRNA Processing , and

Translation

1.6.1 Overview

To target host translation as a therapeutic against IAV replication, we must first
understand the biological processes during homeostasis and inféctinglation is
essential to the host cell, with every protein originating in an almost identical fashion.

Almost every cellular process is reliant upon the synthesis of proteins. tdesgribe
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MRNA synthesis, translatidnitiation, the control of translation initiation, and the stress

responses that are involved in translation.

1.6.2 mRNA Synthesis and Export

MRNA is synthesized bgellularPol II. Pol Il is recruited to a promoter through
several transcription factots initiate primerindependent RNA synthesis downstream of
thepromoter(X. Liu et al., 2013)Pol Il contains a largenstructuredCTD. In humans,
the CTD contains a seven amino acid sequence that is repeated 52 timssven
amino acid repeat contaihgo serine residueat position 2 and {Harlen & Churchman,
2017) Both serine residues amagets for phosphorylation, which dramatically increases
the acidic nature of the CTD. The CTD is mostly unphosphorylated at initiation of
transcription. The CTD is heavily phosphorylated during elongation by TFIIH and the
elongation factor FFEFb. The pbsphorylated CTD recruits the factors responsible for
capping, splicing, and synthesizing the poly A (Biiratowski, 2009; Harlen &
Churchman, 2017; McCracken et al., 1997)

T h ecapi®addedcag r anscriptionally, witdp the tr
after 2030 nucleotides have been polymerigéthosh & Lima, 2010)The addition of
t h ecapwaurs through three different steps. RNA triphosphdigdmlyzes the
phosphat®ff the first nucleotidéeavinga diphosphateRNA guanylyltransferasthen
catalyzestachmenofaGMP t o t he fir st -5d ctlreiogh dsp it ahtreo
linkage. Finally RNA guanineN7 methyltransferase methylates the N7 position on the

guanosingProudfoot et al., 2002)
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Most mammalian transcripts harbor intromdjich arenon-proteincoding
sequences that are spliced out to generate mature mRNAs. Spiaasitecognizebly
consensus sequences tintranjunctiohoa thekprenRNA. 56 and
snRNPs are formed witive small nuclear RNAs (snRNAs) U1, U2, U4, U5, and U6
(Proudfoot et al., 2002 he snRNPsomplex withthe premRNA to form the
spliceosome to facilitate the removal of the intron. Spligegerates the exon junction
complex (EJC) that forms ~20 nucleotides upstream of a splice jurctitte mMRNA
The EJC assists in the export and stability of mMRNA. The EJC contains elF4A3, which is
locked onto the RNA by the other two components RBM8AMAGOH. RBM8A and
MAGOH also prevenelF4A3activation by blocking its ATPase domdg®chlautmann
& Gehring, 2020) The EJC also aids in translation of the transcript; the ipretéM
likely bridges the EJC to the 48S preinitiation complex and enhances translation initiation
(Schlautmann & Gehring, 2020)

All encoding mRNAs have a ~200 adenosine aotitle sequence at tBeénd of
thetranscrpt, termed the poly A tailThe premRNA is cleavedefore the polA tail is
added. Theleavageof the premRNA occurs athe specificpolyadenylatiorconsensus
sequencAAAUAAA (Hamilton et al., 2019)Theconsensusequencés recognkzed by
multisegmented proteins, mainly the cleavage and polyadenylation specificity factor
(CPSF). CPSF is formed from four different subunits, GR&F, CPSFL00, CPSF/3,
CPSF30. Cleavage factor | (CF I) and cleavage factor Il (CF Il) are essentied in t
cleavage of the prsmRNA allowing the poly(A) polymerase (PAP), with assistance from
the CPSF complex, to synthesize oty A tail (Clerici et al., 2017)The mature mRNA

has tdne a5 656 uwnretgriaoms |(a&btébe dUTR) , a start <codo
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open readingframe (ORFpfin-f r ame codons that end at a st
3 poly A tail.
T h e capithen bound by the cap binding complex (CBC) composed of CBP20
and CBP8@Rambout & Maquat, 2020Newly synthesized mRNAs with CBC can
supportthe pioneer round of translatiqi@onatopoulosPournatzis & Cowling, 2014)
The CBC protects the mRNA from Xrnl mediated dgéapudfoot et al., 2002CBC
bound mRNAs have been found with ribosomes on them. CBC is likely replaced by
elF4E during the first rounds of translation to licence the mRNA for bulk protein
synthesis. Thexon junction complexgJQ is also likely removed during pioneer

translationelF4F bound mRNAs are tls®urce of mostellular protein synthesis.

1.6.3 mRNA Stability and Degradation
The number of protein molecules produéenin each mRNA molecule is
determined by th&anslationefficiencyandhalf-life of the mRNA.mRNAsthat lack a
5 @apor polyA tail do not form the elF4F complex and therefore fail to be translated in
a cap dependent mandihere is extensive cross talk between translation and mRNA
decay, with efficient traslation stabilizinghe mRNAover time. SomenRNAsare
degraded ugtreamof translation initiation, while others are degradedremslationally
MRNA decay is initiated by deapping or deadenylating the mRNA which targets the
transcriptfor Xrnl exonucleaser exosome mediated decay. Xrnl specifically degrades
transcripts from the 506 end, whi I(ericex0s o0me
etal,2017)Degr adati on fr om t {ranslafiahallfwithtteed can hap

nuclease following the last ribosonvehereaslegradingthenRNA3 &6 i s i ncomp at
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during translation and must occur before ribostmading. There are three mRNA
surveillance pathways to recognize and degrade mRNAs thad kstop codornpossesa
premature stop codon, or contain a ribosomal stalling sequence. The three pathways are
nonstop decay, ngo decay, and nesensemediated decay. The activation of the three
pathways occurs during translatitmrecover ribosomegrevent the synthesis of

aberrant protein products, and control mRNA Hi&df (Simms et al., 2017Non-sense
mediated decay of mMRNAs also occurs duriranper translationlf a stop codon is

found 2535 nucleotides upstream of an EJC, then future translaiitation is blocked

in thepreinitiation complexRIC) (Maquat et al., 2010)

1.6.4 Translation | nitiation

Translation initiation requires the formation of fAEC and the elF4F complex.
The PIC is comprised of the ternary complex (TC), elF5, elF3, elF1A, and the 40S small
ribosomal subunit (Fig 1) (Brito Querido et al., 2020; Frosi et al., 2019; Rutkovsky et
al., 2019) The TCitself is comprisedf the heterotrimer elF2, made from tipha( U)
beta( Hand gammé@ osybunits, GTP, and a charged methienydator transferRNA
(Met-tRNAM®Y (Thakur et al., 2020)The PIC is recruitetb the mRNA by elF4Fo
form the 48S initiation complefBrito Querido et al., 2020The elF4F complex is
essential for cagependent translatioit is comprised of elF4E, elF4G, and elF4A.
elF4G is a large scaffolding protein that interacts with elF4E, PABP, and RNA
Accordingly,elF4G is responsible for the circularization of the mRNA. elF4Edimd
t h ecapbdiplacing he CBC andicensingthe mRNA for bulk translation(Maquat et

al., 2010) elF4A is & Asp-Glu-Ala-Asp (DEAD)-box RNA helicase that is responsible
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for melting the secondary RMNRNAsdlF4AIict ur es f
unwindssecondary RNA structures of the(RNA andrecruisthe43S PIC forminghe
MRNA 48S initiation complex(Brito Querido et al., 2020Yhe birding of these
complexes to the mRNAcreased#ts stability. Furthermore, actively translated mRNAs
are further stabilized.
Once the 8Sinitiation complex has formedith the mRNA, it scans for an AUG
to initiate translationTheinitiation machinerymove s away fcapiom & h®26 5o 3
direction searching for a suitable AUG codon. Once a suitable AUG codon is found, the
GTP that is bound to elF2 is hydrolyzed to GDP + phosphat¢Bii9 Querido et al.,
20200The hydrolysis of GTP gr edNRAY, reduces el
facilitating the release @lF2-GDPand theMet-tRNAMe entry into theribosomal P site
(Merrick & Pavitt, 2018)elF5B-GTP is then recruited which facilitates the joining of the
60S large ribosomal subunit. The hydsagyof elF5B GTP to GDP and its subsequent
release forms the 80S ribosome on the mRolAnalize translation initiatiofHuang &
Fernandez, 2020Yranslatioris initiated from the AUG codon once binds the -aatilon
on theMet-tRNAMe!, AUG is the canonical codon used to initiate translation, although
alternative codons have been identified. The initial codorcadlbn binding occurs in
the Rsite of the ribosome. The A site then recruits an amingf&iyA to start
hybridizing todowngream codongMerrick & Pavitt, 2018) The recycling oklIF2GDP
to elF2-GTP one ofthe ratelimiting stegs in translation initiationThis exchange is
mediated by the guasinenucleotide excange factor (GEF) elF2B. During times of

stress, the U subunit of el F2 is phosphory
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with the GEF elF2B preventing the recycling of GDP to GARand & Walter, 2020;

CostaMattioli & Walter, 2020)

1.6.5tRNA  Abundance and Translation

MRNA uses triplicate nucleotides to encode a cododonsn turnare
recognized bymanticodon within &harged tRNA in the ribosom&here are 61
nucleotide codons, thatcount for20 different amino acidg. Liu, 2020) Most tRNAs
can hybridize wittmore than one codon to encaaieeamino acid, because there are
significantly more codons than amino acids. tRNAs ihedrporatehe same amino acid
but recognizedifferent codon sequence aegrhed iseacceptorgSchimmel, 2018)The
concentration of specific tRNAs vary across different species. Highly expnesdidéds
are selected for codon optimizatitmmatch thevailabletRNA poolto improveprotein
synthesisTranslation rates were found to be slowendRNAsthatencodedare tRNA
codons when compared noRNAs thatusedoptimal codons, codon adaptedRNAsalso

showed higher ribosome densftyakahigashi et al., 2014)

1.6.6 Translation Regulation

Translation control is essential for all cellular functions, with pathologies arising
from inappropriate protein expression. Initiation of translation is highly regulated through
two pathways. The firgtathwayis thesequestridon of elF4E away from thelE4F
complextoreducecape pendent transl ati on. eldag E i s r
and is the target of several regulatory proteins. eli#Hing proteins (4BPs) limit

el FAEG6s ability to bind el F4G, 48BPd t hereby
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competitivdy inhibit elF4E by binding the elF4G recognition dom@ab-Assaf et al.,
2015) 4E-BPs are known negative regulators of-cipendent translation. 48Ps are

the target of phosphorylation by several kisagame of which is the mammalian target of
rapamycin complex 1 (mMTORC1). When-BPs are phosphorylated, they do not
associate with elF4E, allowing translation to ogdgutkovsky et al., 2019 herefore,

the hypephosphorylated 4BPsinhibit translation through the sequestration of elF4E.

1.6. 7 The Integrated Stress Response
The second pathway to reduglebaltranslation is controlling the recycling of
elF2-GDP toelF2GTP t hr ough t he p hmotemntegrated $trassi on o f
respons€ISR). Four established sentinel kinases phosphorylatddeRSer 51,
therefore elFPis the central axis of the ISRhe four kinases are protein kinase R
(PKR) that is activated by double stranded RNA, AKB-ER resdent kinase (PERK)
that responds to ER stress,heme gu | at ed el F2U kinase (HRI)
stress, andeneral control nonderepressible factor 2 kinase (GCN2) that senses the
depletion of charged tRNA®onnelly et al., 2013)A fifth kinase has recently been
described as a functional sensor, the microtubule 3fregulated kinase 2 (MARK?2) is
activated by proteotoxic strefs.-N. Lu et al., 2021)Although recently discovered,
Further investigation is required to confiMARK2 role in the ISRThe elF4F complex
and subsequently the 48S {pndiation complexcans t i | | f orm during eve
is phosphorylated. In turn, the failure toyele elF2-GDP toelF2-GTP blocks the
recognition of the AUG start codon astlls translation initiation anglbsequeiy fails

to recruit the 60S ribosom€ostaMattioli & Walter, 2020; Ivanov et al., 2019y his
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results in the ecumulation of stalledhRNPs Stress granules (SGs) form from the
accumulation omRNPs containingtalledinitiation factors

In the absence of ISR activation, el&DPis readilyrechargedvith GTPto
reformthe TC This allows the &Sinitiationcomplext o scan the 56 UTR f
start codon of the ORF. Translation will start at that start codon and terminate at the stop
codon. Sometimes, the small ribosomal subunit can initiate translation again at another
AUG just downstream of the stop cadd he reinitiation at the next start codon requires
the repriming of elF2 with a GT@attem & Wek, 2004)When elF2is
phosphorylated, the recycling efF2GDP toelF2-GTPis significantly slower at
recharging the TCThis increases the time needed femiéation. The ISR converges on
elF2J, which in turn preferentially translates a potent bZIP transcription factor ATF4.
Thetranslation of ATF4 is controlled by the presence short ORFs upstream of the start
codon of ATF4. These short ORFs are callpdtreamORFs (UORFs) (CostaMattioli &
Walter, 2020)In humansthe ATF4 mRNA has two uORFspstream ofhe canonical
AUG start codonlIn the absence of ISR signaling, uORF1 an®RE@ are translated,
while the ATF4 ORF is bypassed. The AUG of ATF4 is in the coding sequence of
UORF2. When the ISR is activatdlde recharging of elIF&GDP to elF2GTPis slowed
down, encouraging the ternary complediypass the AUG in uORF2 anecognke the
AUG in theATF4 ORF(Vattem & Wek, 2004)mRNAs wi t h shorter 56 L
preferentially translatedthene | F2 U i s p (Harding btalr, 3003x t e d

ATF4 is bZIP transcription factor in the CREB (CAMP responsive element
binding)/ATF family.The ISR converges on the phosphorylation of EJféhich in turn

synthesizes ATF4, making it the master regulator of the ISR. ATF4 binds to the
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ATF/CRE consensus sequence, along with the afmanbresponse elemedtTF4
upregulateATF3 andthe preapoptotic transcription factor C/EBP homology protein
(CHOP). CHOP igienerallyresponsible for initiating the apoptotic cascédarciniak et
al., 2004; Novoa et al., 2000)he synthesis of CHOP occurglependentf ER stress
resolution, which could be helpful in returning the cell to homeostasis or pushing the cell
further towards apoptos{Marciniak et al., 2004)One protein of interest that is
expressedy CHOPIis growth arrest and DNA damagelucible protein 34 (GADD34),
also known as protein phosphatase 1 regulatory subunit 15A. GADD34 is a cofactor for
the protein phosphatase 1 (PP1) thatrezsbvh e p hos p h o rrepeessing el F2 U,
translation. GADD34 ishe cofactor thaaidsPP1 specifityt o  e(Ndvaaet al.,
2001)
el F2B i s sequestered by phosphoryl ated
as a norcompetitive inhibitor of elF2B. The ISR can pkearmaceuticallynhibited
through adrugcalledintegrated stress response inhibitor (ISRByryanova et al.,
2021) ISRIB shows favourableioavailablity and readily crosses the blood brain
barrier. ISRIBstabilizeshe GEF elF2Breplenishing the available pool of elF2B to
recharge elF&GDP toelF2GTP in the TCHowever ISRIB is limited in effect if the
pool of elF2B components are depletedservedvhen the ISR is strongly activated

(CostaMattioli & W alter, 2020)

1.6. 8 Stress Granule s

Stress granules (SGs) are cytoplasmic aggregates of mMRNA complexed with an

array of different host RNA binding proteins, formimgssengetibonucleoprotein
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(mRNP) complexes. mRNPs accumulate in SGs in respons@ssiaduced translation
arrest. SGormationist he downstream product &GGsthathe
form from ISR signalingontain mosPIC factors except elF2 and elFBvanov et al.,
2019; Kedersha et al., 2008Gs can also form independgruf the ISR.Treating cells
with elF4A inhibitors such as pateamine Atloe class ofocaglategsilvestrol)impair
trarslation initiation. This results in the accumulation of mRMR& all PICfactors,
includingelF2 and elF§Low et al., 2005; Sadlish et al., 2018he formation of SGs are
not required for translation arrest tocoir(McCormick & Khaperskyy, 2017)5Gs both
rapidly formand dissolvaelepending on cellular stressofseating stressed cells with the
polysome stabilizing agent cycloheximide dissolves SGs, indicatingifRBtAs are
cycled through SGs into readily translafembls of MRNAgWheeler et al., 2016)

SGs have characteristic markashichallow for thevisualizationof SGsin cells.
SGs contain T cell restricted intracellular antigen 1 (TIA1), FtAtated protein (TIAR),
and RAS GTPasactivating protein SH3 domaininding protein 1 (G3BP1(Kedersha
et al., 2002)TIA and TIAR bind to mMRNA and enable mRNP aggregation through their
priortlike domains. G3BP1 also se&lfjgregates to further establish the formation of the
SG. SGs are thought to maintain their aggregation through-gui&in and protein
protein interadbns. G3BP1 and TIA1 both show low complexity and contain
intrinsically disordered domains that allow ligtliquid phase separation. Both TIA1 and
G3BP1 are extensively pesanslationally modified, which aid in the formation and
stability of the SG. Cam1 promotes SG formation through interacting with G3BP1,
whereasubiquitin-specificpeptidasel0 (USP10) inhibits SG asseml§iedersha et al.,

2016) The Gterminus of G3BP1 is responsible fotaracting with RNA. Knocking
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down/out G3BP1 dramatically reduces the cells ability to form SGs during times of stress

(Kedersha et al., 2020)

1.6. 9 IAV and Host Translation
IAV uses several methods to outcompete haRiNAsto preferentially synthesize
viral products. This technique is generally referred to as host shutoff. The IAV
polymerase uses the first-104 nucl eoti des of a rma@pasaent hos
primer tosynthesizeviral MRNA. Here theviral polymerase complex is recruited to the
CTD of RNA Pol llwhich localizes it to the targeted mRNRflug et al., 2017)The PA
subunit of the IAV polymerase directly binds the CGCRNA Pol Il through two highly
conserved domainukarska etal.,2017T he 506 cap on the host mF
PB2 subunit. Tie cap binding domain of PB2 shows some homology to elF4E and CBC
(Bier et al.,2011) Bi ndi ncogpisdhen stubseguerilycleaved by the
endaibonucl ease domai n f ouncpfromthehdsmRNAe mov al of
preventghe host mRNA fronbinding to CBC, export into the cytoplasm, and sensitizes
thehost mRNAto Xrnl mediateddegradation.
TheNS1proteinimpairs several host responsesich as the polyadenylation of
hostmRNA. NS1linhibits the nuclear export of host mMRNAs. The effector domain of
NS1 interacts with CPSF30Da subunit, which prevents the
hostpremRNA, disallowing the PAP to synthesize the poly A (Biemeroff et al.,
1998) The viral polymerase creates the poly A tail onmBNA by reiterative copying
of apoly-uracil trad in the RNA templatéPoon et al., 1999 herefore, NS1 does not

affect the synthesis of viral mRNAw/hile viral mMRNA still mimic host mRNAs.
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Evidencealsosuggests that IAV infectioleads tahe RNA Pol Il to read through the
transcription termination sit®Reading through the termination site prevents the proper
formation of the poly A tail. This specificphenomena was independent of Nl the
exact mechanism remains unclé@arL. V. Bauer et al., 2018)

NS1 has also been shown to interact with ellfAftas-Mireles et al., 2018;
Burgui et al., 2003)NS1 likely binds elF4G to enhance viral translatigrcircularizing
viral mMRNAs. The expression of NS1aie is enough to increase translation efficiency of
viralmRNA. Th e me ¢ h a ni selectivityito viNlSranécsptds unknown
(Aragébnetal., 20000 NS1 was thought to have specific
MRNAS but it was later shown that NS1 has affinity for all RNA with no specificity to
viral mMRNAs (Arias-Mireles et al., 2018)nterestingly, the viral polymerase PB2 subunit
has been shown to interact with elF4@rthermore, it appears that PB2 may
functionally replace elF4kn vivo (Yanguez et al., 2012MRNA pull dowrs shows an
interaction between viral MRNA and host PABP1, viral NS1, RNA export factors, and
the 20 kDa subunit of CB(Bier et &, 2011) These data indicate that viral mMRNAs are
likely exported from the nucleus through canonical RNA export pathWg/k also
binds the E3 ubiquitin ligase TRIM25 to prevent the oligomerization of Rl&ack et
al., 2009) NS1 also interacts witthe host factor staufenl (Staul), which bind
secondary RNA structures in hasRNA (Cho et al., 2013)t is thought that Staul
controlsRNA stabilityby binding3 6 U T R sirt mRiNAsthat resuls in rapul
degradation omRNA. NS1 binds Staul and likely impairs Stang&diated mRNA
degradationstabilizingtheviral mMRNAsand promotingranslation and subsequently

virus replication(Cho et al., 2013)0Other research suggests NS1 hijacks Staul somehow
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to further promot&’RNA stability orvRNA packagingnto the budding virionwith
Staul knockdan cells yielding 510 times less viru@e Lucas et al., 2010)

IAV utilizes ribosomal frameshifting to synthesize a rare ORF fitoaiP A
MRNA. The mRNA encoding PA contains arlgh region followed by rarecodon
(CGU)that has a relativelsaretRNA, which promotes a +1 frame shift altering all
downstream amino aciddagger et al., 2012y he product of the ribosomal frasteft is
the X ORF, producing PAX. This occurs at the 194mino acid, making PA identical
to PA in the first 191 amino acids, wéithe XORF can contain 4tb 61 unigueamino
acids. The first 191 amino acitdarbourthe PA N-terminalendoribonucleasgomain but
lacks the G&erminal domain responsible for formation of the trimeric RdRRgventing
PA-X from interacting with PB1 andB2. PA-X localizes to the nucles where it uses
RNA splicing machinery to selectively cleave host mRN&aucherand et al., 2019)
Cleaved mRNAs are theatargetfor host Xrnl for degradatio®A-X is involved in
impairing the hosts antiviral response againdt IAfection. The halflife of PA-X varies
from 30 minutes to 3.5 hours depending on ther@inal sequenc@evene et al.,
2021) Together, casnatching, NS1, and PX prevent host mMRNA from being
translatedencouraging preferential translation of vinaRNAs

Most viruses are highly sensitive to the arresilobaltranslation. IAV
specifically encodes three proteins to prevent the formation of SGs. The first gotein
PA-X, which isthe second protein synthesized from PA mRN\#at selectively
degrades host mMRNA. Reducing the pool of host mMRNAs prevents their translation and
subsequent entry into S3&dependent of elf2Zphosphorylatior{Khaperskyy et al.,

2014, 2016)NS1binds viral RNA through its dsRNA binding domain to mask the
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pathogen associated molecular patt&ANIP) from PKR. Mutating the dsRNA binding
domain of NS1 results in strong induction of PKR activatind ISRmediatedSG
formation(Khaperskyy et al., 2012The last viral protein that prevents the formation of
SGs is NP. NP preventsafiormation of SGs in an elE2ndependent fashigtut the
exact mechanisms of SG inhibition remain unknoWwme oligomerization of NP is
required for its inhibition of SG formatigiiKhaperskyy et al., 2014NP has also been

demonstrated to colocalize with S@&mnomoto et al., 2012)

1.7 Translation and the ER

The ER is responsible folumerous cellular process@$e ER is the site for lipid
genesis, protein synthesis, the foldofgroteinsandtheir PTMs and calcium storagé.
is estimated that roughly 1 in 3 proteins in the mammalian genome are synthesized in the
ER (Chitwood et al., 2018; Pobre et al., 20I&anslationinitiation occurs on free
cytoplasmic ribosomed.he sgnal peptiddas synthesized on the nascent polypeptide
whichis recognizedy the signal recognition particle (SRRhe binding othe SRP
stalls translation while the mRN®Rlocatego the ER. Th&RPis recognized on the
cytoplasmic face of the ER by tis&kPreceptor(SR). Both the SRand &R aresmall
GTPaseshatrequire hydrolysi®f a GTP to GDRor the attachment and insertion of the
nascent polypeptide into tlgec6lgransloconAkopianet al., 2013; Linxweiler et al.,
2017) Proteinsthatenter the ERwreunfolded protein foldingin the ER lumens assisted
by numerous cellular chaperones and enzymes responsible for mainking
homeostasigPobre et al., 2019The translocon spans the ER membrane and forms a

channel for the polypeptide integrate into the lipid bilayer, or for the protein to be
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synthesized into the ER lumen to enter the secretory patiitay the protein begins
translation across the ER membrane, SRP and SR dissociate to engage in another round

of signal peptidedentfication andrelocation

1.7.1 Post - Translational Modifications

Proteins that are synthesized in thereéRuireseveraPTMs for their proper
folding and function. The most common PTM in the ER lumehascovalent linkage of
an oligosaccharide to asparagine residugermedN-Linked glycosylationThe
oligosaccharideare transferred ontine amide group adn asparagine residue of nascent
polypeptides by oligosaccharyltransferases in the ER lXebhang & Wang, 2016)
The oligosaccharides are built on a lipid intermediate called dolichol. The gspara
linked glycosylation 7 (ALG7) protein is the first enzyme thdtlsthe base GIcNAc on
the dolichol. Tunicamycii(TM) is a bacterial toxin that specifically impairs ALG7,
preventing the development of the oligosaccharide on dolichol, thereby prevalhtih
linked glycosylation(J. Wu et al., 2018)TM contains a nucleoside homolog that
specifically binds the nucléide bindingdomain of ALG7, which transfers the N
acetylglucoamind-phosphate from DP-N-acetylglucosamine onto dolichdlhe
impairment of Nlinked glycosylation results in the accumulation of unfolded proteins
and theactivationof the unfolded protein respon@¢PR)(J. Wu et al., 2018)

The oligosaccharide undergoes glycan trimming in the ER by resident
glucosidases and mannosidasglycans are specifically recognized d¢sflularlectins,
which areessential for protein folding and transport. If the protein fails to be properly

modified or folded, it is polyubiquitinated for degradatigsparagine residues first
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receivean oligosaccharide containing GIcNAc2Man9Gh®Bich is trimmed by
glucosidase and glucosidase ® GIcNAc2Man9Glc1 GIcNAc2Man9Glclis
recognized by calreticulin and calneXattin chaperonesvhich in turn promotgrotein
folding (Cherepanoa et al., 2016)The oligosaccharide is further trimmed to
GIcNAc2Man8with three glucose and one mannose molecules rembeémte leaving
the ER for the Golgi apparat(Gherepanova et al., 201®roteins that fail to receive
proper glycosylatiomanbecome misfolded arglbsequentlare marked for
degradation.

The Golgi apparatus receives the protein output from the ER, which continues to
modify and sort the proteire their final destination. The Golgi contains the machinery
to performglycosylation modifications, sulfation, phosphorylation, and proteobyfsis
protein The high mannose glycan is further trimmed indiseGolgi. The
oligosaccharide can be branched by adding another GIcNAc onto one of the mannose
molecules. Galactose, sialic acid, or fucose can be addedtmanke>olgi apparatus to
create corplex glycanson the glycoproteifX. Zhang & Wang, 2016)Glycoproteins are
then sorted and seto theirtargetedocation, such as the plasma membr&ume cells
direct glycgroteins to preferrebbcations orthe plasma membranhereby facilitating
cell membrangolarization and the generation apical and basahembranes

Proteins camlsobe further modified by @inked glycosylation, vinere a glucose
molecule idinked to a serine, threonine, or tyrosine resitune ER, Golgi apparatus,
and rarely the cytoplasgsteen et al., 1998Proteins are also modified witb
mannosyléon, where a mannose molecule is attached to tryptopthathang & Wang,

2016) Freecytoplagnic proteins can be modified with one sugar moledahd;
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acetylglucosamine (@IcNAcylation) which is attached to a serine or threonine residue.
This modification affects numerous functions of the protein including stability and
proteinprotein interactions.

Proteins synthesized in the ER can be modified witysteinecysteine sulfide
bridge that alters it folding and stabilifjhe potein disulfide isomeras€PDI) catalyz
an intra or intermoleculadisulfide bondormationbetween two cysteing@mino acids
PDIl is found in the lumen of the ER, where itsagh nascent proteiti€oe & Michalak,
2010) The formation of disuifle bridges is essential to the maturation of many
glycoproteins, including HA and NA. Disulfide bonds can be broken by the reducing

agent dithiothreitol (DTT).

1.8 The Three Arms of the UPR

All eukaryotic cells have mechanisms to sense and respondstd¢s’. The
stress responses upregulate the expression of genes that regulate protein folding,
degradation, lipid synthesis, andn determine theells fate. The UPR is responsible for
the initiation and transduction of signaling to the nucleus. The binding immunoglobulin
protein (BiP) also known as the glucose regulated protein 78 (GR®7/8) master
regulator of the UPRBIP is a member of the HsP7amily of chaperones. BiP itself is
upregulated by the UPR, where it acts as a chaperone in the ER lumen to aid in folding
proteins BiP mRNA contains an internal ribosomal entry site (IRES) to allap/
independentranslationduring ISR signalingHellen & Sarnow, 2001BiP binds to the
hydrophobic domains of unfolded proteindependent of their glycosylation statsach

as misfolded HXGething et al., 986). There are three sensors in the UPR that work
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together to reprogram the cell to alleviate ER stress. If the stress becomes chronic, the
UPR becomes a proapoptotic respofi$ethree sensors afeositokrequiring enzyme 1
(IRE1), PERK andactivatingtranscriptionfactor 6(ATF6) (Fig 12).

Proteins enter the ER lumen in an unfolded state, where they are post
translationally modified and folded appropriately. Cellular chaperones bind and unbind
these proteins to aid in their foldinfhere ae two major chaperone families present in
the ER, the lectin chaperones that analyze the glycosylation status of unfolded proteins,
and BiP The lectin chaperones contain calnexin and calreticulinrézagnize
monoglucosylated Ninked glycans on the dolded protein The last glucose molecule
on the Nlinked oligosaccharidés removed prior to thglycoproteirs localization to the
Golgi apparatus, preventing the glycoprotein from binding to calnexin or calreticulin
(Pearse & Hebert, 20105 a protein does not fold properly, then the ER resident UDP
glucose:glycoproteiglucosyltransferase binds to the unfolded protein and adds back a
single glucose to the trimmed glygamabling the lectin chaperones to bind to the

misfolded protein

1.8.1 BIP

BiP is responsible for a variety of roles, suclaiasng theretrograde
translocatiorof misfolded proteinsluringER associated degradati@RAD) and the
activation of theJPR.BIP is a highly stable protein with a long kafé that is >24 hours
in vitro andin vivo. BiP can be sequestered into oligomeric structwie=n ERstress is
absentBiP oligomers disassemble when the concentration of unfolded proteins rises,

increasing thavailablepool of BiP toaid in protein foldingPreissler & Ron, 2019BiP
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contains an Nerminal nucleotide binding domain (NBB)at has afhity for ATP.Bi P06 s
affinity for ATP is stabilizedrom an interactionwith the ER localized DnaERd|s)

family members. ThedeRdjsmembers also directly bind unfolded proteins in the ER
lumen.ERdjswork with BiP tohelpenableBiP& diverse functionwithin theER,

including its role in UPR inductio®ATP binding licences BIP to interact with client
proteinsand thebinding of BiPto hydrophobic residues on a nascent protein initiates the
hydrolysis of ATP to ADPBIP then binds, releases, and rebitidssame protein until

they fold, or they are marked for degradatibewy et al., 2017)The binding of ATP

enables BIiP to release its substrate, while ADP binding does not affect the release of the
client protein BiP requires a nucleotide exchange factor to recycle ADP to(R©PBre et
al.,2019)Bi P6s nucl eoti de c C&'lstatusefthe ER. Beclohiegp e n d s
C&* levels favour dissociation of BiP from the URBtivators(Preissler et al., 2020)

BiP itself is postranslationally modifiedhrough phosphorylation and ABibosylation

both of which are removed during times of ER st(&ssiden et al., 1992}t is thought

that BiPdoes not bind its target protein tightile it is ADP ribosylatedBiP

transiently binds the lumenal domain of the three $RRal transducelfRE1l, PERK,
andATF6 preventing their activatiorBiP dissociates from the three sensors to bind

nascentunfaded proteins, liberating the thraetivator moleculesf the UPR.

1.8.2 IREl
The first arm of the UPR is the inosii@quiring enzyme {IRE1). IREl is a
serine/threonine kinase and a ribonuclease. liRERltype | transmembrane protein

spamingthe membrane of the ER with thieterminallumenal side acting as a sensor for
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ER stresswhile theSer/Thrkinase anendaibonuclease domains are fouindhe
cytoplasm(Calfon et al., 2002)Mammals express IRElland IRED through differential
splicing IRE10is ubiquitouslyexpressea@crossall tissues, while IRHiis only
expressed iintestinalepithelial cell{Tsuru et al., 2013Hereaftey | will refer to IREIU
as IRE1.

The lumenal domain of IRE1 is sequestered byiBifhe absence of ER stress.
BiP dissociats from IREIwhen unfolded proteinsccumulaten the ER lumenThe
liberation of IRE1 from BiP allows IREL1 to bind unfolded proteins directly through its
lumenal donain, which in turn promotes IRE1 oligomerizatibnR E lu®enal domain
contains a MHC 1 like groove that cadirectly bind unfolded proteingCredle et al.,
2005) IRE1 canalso form higher level oligomeric structuréRE1 is also repressed by
the ER lumenal chaperone ERdj4. ERdj4 rtaivs IRE1 as a monomer by recif BiP
and stimulates Bi P6s ATP hy@mimoWegzsletal, whi ch
2017) OligomerizationstimulatedRE1 transautophosphorylation leading to strudtura
rearrangemerdndactivation(Joshi ¢ al., 2015)IRE1is also activated during inositol
depletion and ER membrane perturbatidR&1 senses lipid bilayer stress through its
transmembrane domafRromlek et al., 2011)

IRE1 mediates thenconventionasplicing ofthe X-box binding protein 1XBP1)
MRNA. IRE1 removes 26-nucleotide introrfrom the XBP1mRNA, changing the
downstream reading frame and creating a protein with a novefr@inuscalled XBP1
spliced (XBP1s)Expression oXBP1s mRNA without the26-nucleotideintron activates
the UPR independent tRE1 activation XBP1s is a basic leucinepper (bZIP)

transcription factor. XBP1ls contains two d

40



that is responsible for forming dimers, and the secoadNA binding domain thais
comprised obasic amino acidXBP1s can fornhomodimers oheterodimere with

other bZIP transcription facto(Blewman & Keating, 2003XBP1s upregulates genes
involved in lipid metabolism, ERAD, and upregtds ER chaperond®E1 recognizes
thesplice sites otKBP1mRNAsthrough secondary stelmop structures and a

nucleotide consensus flanking the int(@ack et al., 2006)The ERIlocalized RtcB

t RNA | igase is responsi bl e f oKBPLmRji&Ati ng t h
compkting the splicinggvent IRE1 likely recruits and activatécB (Y. Lu et al.,

2014) IREL1 is also subjected to several PTMsid in dimer formation and dissolution.
IRE1 is phosphoryladby protein kinase A (PKA), which aids in its oligomerization and
stabilizationindependent of transautophosphorylatibtao et al., 2011)The
phosphorylation of IRE1 by PKA bridges metabolic signaling and the UPR.
Dephosphorylation of IRE1 encourages the monomerization of IRi€lLreceptor for
activated Ckinase 1(RACK1) acts as a scaffi for protein phosphatase 2 A (PP2A) to
dephosphorylate IREPP2A inactivates IREfhy dephosphorylating dimers downstream
of metabolic signalingQiu et al., 201Q)Poly ADP-ribose polymerase 1®@ARP1§ is
anchored into the ER ardtivatedRE1 through ADPribosylation.The ADR

ribosylation of IRE1 is essential ftRE1 dimerization(Jwa & Chang, 2012)

The unspliceBP1mRNA produces the XBP1 unspliced (XBP1u) protein.
XPBL1u is translated at low levels and has a shortlifi@lfpreventing significant XBP1u
accumulationXBP1u has been demonstrated to modwdatéy UPR signaling During
initial UPR signaling XBP1u directly binds XBP1s arather bZIP transcription faate

and reduces their stability. This prevents strong induction of the UPR fronsiventy
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stressedn times of prolonged UPR signalingBP1uis quickly degraded due to its short
half-life while the production of XBP4and other bZIP transcription factarerease over
time (Hinte et al., 2020)XBP1uis recruited to the ER by the SRifatrecognizes a
hydrophobic region in the #&rminusof XBP1u IRE1 can directly bind th&ec61
translocon, allowingRE1 torecognke and cleavenRNAs recruited to the SR he

MRNA is then spliced by IRE1 intdBP1s(Plumb et al., 2015)

IRE1 isalsoresponsible foregulated IRETependentecay (RIDD), where a
subset of mMRNASss degraded by IRE1 during ER streR$DD can be activated by the
over expression of IRE1, as well as strong induction of ER stré®3Asthat are a
targeedby RIDD are generallyocalized to the ERredudng the translational burden
within the ER mMRNAsthat aretargetecby RIDD must contairthe secondary stetoop
structure found iIXBP1mRNAs Currently, 37 transcripts have been identited
confirmedas RIDD targets, most of which localize to the Rkawa et al., 2010)
Although the degradation of specific transcripts is highly variable across different types
of ER stresgsrsand across different cell typeRIDD is thought to reducER protein
influx by ~15%. The 28S rRNA has also been identified as a target of RIDD, further
reducing the translational output of the ¢elbllien et al., 2009)RIDD plays a role in
the homeostasis of the cell, showing initialstovival affects across diverse stressors.
However,RIDD candestroyantiapoptotic micreRNAs (miRNAs)(Bashir et al., 2021)
An example of this is RIDD dependent degradation of miRINAwhich is responsible
for the suppression @aspas€ mMRNA (Y. Chen & Brandizzi, 2013Degrading
MiRNA-17 increases thexpression of Caspage whichencourges the induction of

caspasemediatedapoptosis

42



1.8.3 PERK

PERKIis the secondensor irthe UPR PERK canbeactivatal by the
accumulation of unfolded proteiasidlipid perturbations in the ER membraf\éImer
et al., 2013)Activated PERKphosphorylate Ser 51 orlIF2U In the absence of ER
stressPERKmonomers are bourtdy BiP. During the onsetf ER stressPERK
functions similarly to IRE1, witlBiP dissociabn leading to the homodimerization and
autophosphorylation of PERRERK autophosphorylation promoteERK dimerization
and enablePERKt 0 p h 0 's p h o PERK may also éotmmigHdarder oligomers,
which may bind unfolded proteins direc{ly. Wang et al., 20)8PERK can also directly
interact with hydrophobic domains in unfolded proteins, which prositste
oligomerization(P. Wang et al., 2018 he lumenal domain of PERK shows damity to
the lumenal domain of IRE1, while the cytoplasmic effector domain is most closely
related to thelF2Ukinase PKR The phosphorylation of elE&educes global protein
synthesigHarding etal., 2000) PERK activation is responsible for reducing the
translatiorl burden of the ERjecreasinghe accumulation of proteins entering the ER
until ER stress is resolveBERK activation and subsequent phosphorylation of(@IF2
activates the ISR, ich wasdescribed in detail previously.

PERK positively regulateRIDD activity during ER stress. Knocking down
PERKTresults in reduceRIDD-mediateddegradation of knowRIDD targets(Bashir et
al., 2021) RIDD activity was recovered by attenuating translation in PERK knock down

cells. Actively translatedhRNAs sequester theecondary sterffoop structuretha is
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essential for IRE1 recognitioRrurthermore, Rocking out PERK has been shown to

increase IRE1 signallingHarding et al., 2000)

1.8.4 ATF6

The thirdsensoiin the UPR is the activating transcription factor 6 (ATF6). ATF6
spans the ER membrane, with the cytoplasmic face containiagganhal bZIP
transcription factorLike IRE1 and PERK, ATF6 is bound to BiP in the absence of ER
stressThe accumulation of unfded proteinglissociate®iP from ATFG enabling
ATF6 to migrate to the ci&olgi. The transportation of ATF6 to the Golgi reliescoat
proteirtll (COP-11) vesiclesBiP masks a COM binding site (Golgi localization signal)
on ATF6, preventing its peuitment to CORI vesicles(J. Shen et al., 2002ATF6
activation is also governed by protein disulfide isomerase A5 (PDIAS) by rearranging
lumenal disulfide bonds, which in turn affe@&TF6 migration to the Golgi. Further,
PDIA5 promotes the recruitment and packaging of ATF6 into COPII vegldiga et al.,
2014) ATF6 is cleaved by the Golgi resident sitgprotease (S1P) and sRerotease
(S2P).The cleavage of ATF6 to release a transcription factor is referred to as regulated
intramembrane proteolys{RIP). RIP releases the fierminal bZIP transcription factor
from ATF6.ATF6 is not the only transcription factor that is controlled by proteolytic
cleavagdollowing Golgi trafficking. SREBP1 and SREBP2 are also ER bound
transcription factors that migrate to the Golgutalergo RIP to liberatieir
transcription fact@: The N-terminalbZIP transcription factoof ATF6 contains a NLS,

which translocateATF6-N to the nucleus.
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The bZIP ATF6N transcription factor binds tHeR stressesponse elemetht
(ERSEI) and ERSHI consensus element to upregulate URRucedgenes. AF6-N
binding to the ERSE requires the heterotrimeric transcription factey KFoshida et al.,
2001) TheESRHs equence i s comiNe-CGCAWG 03 6 BSRECK AtAlTe
'l is compr i NELC ACG(SBodders €t RIGZDLATF6-N also
heterodimerizes with XBP1s, which then can recognize ER8Ed unfolded protein
response element (UPRE) sequer{&mulders et al., 201.3)\TF6-N upregulates genes
that encode chaperones, quality control proteins, protein degradation, and components of
the redox pathway. ATFBI is specifically known to upregulate B{Bhoulders et al.,
2013) Further, ATF6N upregulates XBP1 expression, promoting XBP1 splicing during

times of ER stress.

1.8.5 ER Associated Degradation

Proteins can be terminally misfolded in the ER and require degradation to reduce
potential cytotoxicity and recyelessential amino acids. The ER associated degradation
(ERAD) pathway targets misfolded proteins for translocation across the ER membrane
for degradation in th@6S proteosome. Misfolded proteins faib® transportetb their
targeted organelle, leading their accumulation in the ER lumen and subsequently
perturbER homeostasiE£RAD is responsible for the identification and removal of
terminally misfolded proteins. BiP likely is involved in recruiting the misfolded protein
to ERAD machinery to assist the identification and subsequent removal of a misfolded

protein.Proteins are polyubiquitinated during thestraranslocation across the ER
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membrane to allow for their ubiquitin dependent degradation by the 26 &gmuig( Qi
et al., 2017)

There are several pathways responsible for targeting and removing different
classes of misfolded proteif@emoving several mannose residfresn N-linked
oligosaccharidecan direct a misfolded protein for degradation through the ERAD
pathway. ER degradation enhancliignannosidaséike protein 1 (EDEM1) is another
chaperone responsible for the identification and subsequent delivery to theHBellL
ERAD complex. Hrd1 ign ER residential E3 ubiquitin ligase that forms a complex with
Selll that is responsible ftairgeting asubset of misfolded proteins in the ER lumen.
Hrd1 likely forms a retrotranslocation chantekxportmisfoldedproteins from the ER
lumen to the cytoplastior proteasomal degradatid®i et al., 2017)There are other
lectins present in the ER lumen that recogniziénkled glycans that have not been
successfully modified that divert the protein to the ERAD pathweagtin chaperones
recognize specific glycosylations on glycoprotdikeziov & Gehring, 202Q)The
mannosidase Htm1 marksisfoldedproteins for degradation by adding &,6-linked
mannose, which in turn marks it fan ERAD substrate recognition factor resulting in its
degradatior{Ruggiano et al., 2014Proteins musstay within the ER for a prolonged

time in order to be recognized for lectin dependent degradation.

1.8.6 Prolong ed UPR Signaling andthe I nductionof  Apoptosis
Prolonged ER stress and UPR inductian trigger apoptosis through one of two
pathwaysThe firstpathway involvesctivation of theeffectorprocaspase 12, found on

the cytosolicsideof the ER(Nakagawa et al., 2000Faspas€él2 mediated cleavage of

46



caspasé® is independent of mitochondrial damage, effetyi being independent of
cytochrome QMorishima et al., 2002During times of ER stressgactive oxygen
species accumulate in the ER lumehich canactivate the ER calcium release channel
inositolk1,4,5trisphosphate receptor(IP3R1). Activation of IP3R1 results in the
leakage of C& ions from the ER lumen to the cytoplaghabas & Ron, 2011 High
concentrations of cytoplasm@a* activates the€a* sensitive cytoplasmic cysteine
protease calpairctivated @lpain proteolyticallycleaves and activatgsocaspasé?2 to
caspas€d 2, which cleaves caspaSeor caspas® initiating the apoptotic cascadditomi
etal., 2004) Activated calpain also cleaves the aayibptotic factor BekL, turning the
antiapoptotic protein into a proapoptotic molediNakagawa & Yuan, 2000)

The second pathway in which prolonged UPR induction can result in apoptosis is
through the ISR, with PERK activation predatially translating ATF4 througtie
phosphorylation of elR2 The synthesis oATF4 leads to the expression 6HOP,
which is also referred to as growth arrest and DNA damage inducible gene 153
(GADD153). CHOP is another transcription factor that dogul&tes expression of anti
apoptotic proteins within the B& family, while upregulating proapoptotic proteins such
asBCL2L11 (McCullough et al., 2001CHOP upregulates GADD3which associates
with protein phosphatase 1 (PRAatworksin concertto remove thgphosphate on Ser
51 onelF2Uto relieve translation inhibition andestoretranslation in stressed cell§
stress is alleviated, then the cell returns to homeostasis, but if the stress continues, than
this further promotes ER stress and cell délstarciniak et al., 2004)

Prolonged XBP1s inductiomayinduce apoptosis through the upregulation of

specific response factors. The increaseqdcentratiorof XBP1s changes its targiedm

47



canonical UPREequencgto noncanonical sequencésundin the promoter of KLF9
KLF9 thenactivateghe expression of thiteansmembrane protein 38B (TMEM38B) and
inositol 1,4,5triphosphate receptor(ITPR1). TMEM38B and ITPR1 form ion channels
in the ER membrane to increase #ftux of CaZ* from the ER lumen tthe cytoplasm
(Fink et al., 2018)Increasing th&€a* concentration in the cytoplasm maylirce
apoptosis through calpain activatiasmentioned previouslyProlongedRE1 activation
canalso promotes cell death by activating clNsterminal kinase (JNK) and apoptosis

signatregulating kinase 1 (ASK1).

1.8.7 UPRand 1AV I nfection
The interaction betwedAV andtheh o s WP& s not welunderstoodIAV

replicationis thought toactivate IRE1butnot PERKor ATF6 (Hassan et al., 2012)
XBP1swas notably highein infected cells, along with the phosphorylation of JINK.
Infection does not induce elBphosphorylation, indicating that both PERK and PKR are
not substantiallyactivatedoy IAV. Furthermore BiP and other cellular chaperonssre
notstrongly inducedluringlAV infection. Treating cells with thehemicalchaperone
tauroursodeoxycholic acid (TUDCA) reduced the accumulation of XBP1s. Interestingly,
TUDCA pretreatment significantly reduced I1AMrus productionWhen IRE1 was
specifically inhibited, IAVreplicationwas significantlydecrease@Hassan et al., 2012)
The advantages &V mediatedRE1 activationremain unknownXBPlumayimpair
viral replication IAV likely takes advatage of the praurvival signaling from XBP1s

and the upregulation of genes involved in protein synthesis and foldivigs not the
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only virus that specifically triggers the IRE1, with adenoviruses activating t&ttllize
XBP1s as a transcription fiac for earlygene expressiofiPrasad et al., 2020)
Pharmacological induction of the UPR may create an antiviral environment for
IAV replication. Goulding and coauthodemonstrated the antiviral properties of
thapsigargin (Tg) on IAV infected mi¢&ouldinget al., 2020) Tg impairs the import of
Ca2+ ions into the ER lumen from the cytoplasm wiictivates the three sensors in the
UPR. UPRactivationwas found to be antiviral against IAV replicatidturthermore,
selectively activating PERK in infecteélts was demonstrated to impair virus

production(LanderasBueno et al., 2016)

1.9 Rationale and Overview

Direct-acting antivirals quickly seleclrugresistantwiral genotypesThe
emergence of resistant 1AV strains has been observeidl farrrent directacting
antivirals.Some resistance mutationave no fitness cost to IAV replication, ensuring
that there is @ negative selectivpressuresor the virus to revert back tntiviral
sensitivity. Fortunately, most circulating viruses ewerentlysensitive to NA inhibitors,
but previous years have experienegaigh degree aksistancén circulating strains
(Casalegno et al.020) Billions of dollars are spent stockpiling NA inhibitors in the
event of another pandemic, but emergiognoticlAV s arenot guaranteed to be
susceptible to antiviral§.hus, here is a desperate need for new antivirals against IAV.

A newclassof antiviralsis currently being investigatedll viruses are
intracellular parasites that require numerous host factors to fulfill their replication cycles.

Targeting a cellular pathway that is essential for viral replicationbiwak virus
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production Impairing a viral pathwayinstead of a directly targeting a viral protein
potentially creates a large genetic threshold for the development of antiviral resistance.
Antiviral resistancegainst direcicting antiviraldn IAV can arise from the substitutio
of a single amino acidVhereadorcing the virus to evolveo a newhostfactorwould
hypotheticallyposea significantly higher threshold for resistanéypothetically,
targeting a conserved host pathway instead of a specifiqvotdinwould enable the
antiviral to be effective against all influen&aviruses.The potential pantropic
effectiveness against all IAWould be acosteffectivemeasure to prepare for future 1AV
pandemicsGenome wide CRISPR and RNAI screens have identifietenous host
factors that are essential for 1AV replicatiffarlas et al., 2010, 2010; Su et al., 2013)
These experiments demonstrate clear relationships between host factors and IAV
replication. Many of these host fact@i® druggable targets, potentially allowing new
HTA therapiefWatanabe et al., 2014irus replication is dependent on these host
factors to synthesize new virionkhe work presented in this thesis examines the
interaction between IAV and its host and the potential to target these interactions as
antiviral therapiesl examineseveralkcandidateHTAs that inhibit host pathways thatay
beessential tsustain virugeplication.Finally, | directly investigated the plasticity of the
IAV genome by identifying host adaptation mutations required to support viral
replication in a murine infection mod&ach Chapter in this thesis represents a-peer
reviewedarticleandconfain both published and unpublishiegures

In Chapter 3, | investigate the reliance of IfXbtein synthesien thehostelF4F
capbindingcomplex.lAV synthesisesnRNA that isalmost identical tt(host mMRNAand

requiressimilar translation initiation maanery toproduceviral proteins. | hypothesize
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that IAV translation critically relies on host caependent machinery. | hypothesize that
impairing elF4A with pateamine A and the rocaglate silvestrol will reduce the
accumulation of viral proteins and impairus replication in allAV infection model cell
linestested

In Chapter 4, | investigate the ER as a potential target for an HTA. The ER is
essential in synthesizing, modifying, and sending glycoproteins to their targeted
organelle. Accordingly, val glycoproteins are directed to the ER for their synthesis and
subsequent translocation to the plasma membEandence suggests that perturbing the
ER reduces viruproduction(Al-Beltagi et al., 2021)l hypohesize that perturbing the
ER will impair the synthesis and modification of viral glycoproteins, which will
subsequently reduce the production of virions.

In Chapter 5, | will continue my investigation irttee interaction that 1AV has
with its host. Thanolecular adaptation of a virus to a new host can be essential in
identifying key host pathways in which the virus relies uftmevious adaptation studies
have identified key sites within the IAV genome that harbour these adaptation mutations
(Brown, 1990; llyushina et al., 2010)aim to examine a mouse adapted virus using
current nexdgeneration sequencing to identify any mutatior thay improve virus
replication in a new host. | hypothesize that the adapted virus contains numerous

mutations, some of whiclill improve virus replication specifically in murine cell lines.
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Figure 1.1: Simplified overview of a single round of IAV eplication in the host cell.
Influenza A virugIAV) binds to sialic acid on the cell surface which results in receptor
mediated endocytosis. As the endosome acidifies, viral HA irreversibly activates and
promotes the fusion of the viral membrane anddteeendosome, releasing the viral
genome into the hostdés cytoplasm. The vira
nucleus where they immediately synthesize viral messenger RNA (mRMNAl

proteins are created from viral MRNA. Some viral proteinsréhé&enucleus to assist in
genome replication and export of progeny genomes to the cytoplasm, while other proteins
are localized to the plasma membrane to build progeny viridresprogeny viral

genomes are transported to the plasma membrane, wheredtmackaged into budding
progeny virions to form a fully infectious viral particle. NA enzymatically degrades the
sialic acid receptor during egress, allowing the dissociation of the virion from the cell
surface. This enzymatic cleavage is prevented bilthenhibitor antivirals. Image was
modified from(Herold et al., 2015)
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Figure 1.2: Translation initiation requires the 43S preinitiation complex and the
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Capdependent trafetion requires the successful formation of the 43S preinitiation
complex (PIC) and elF4A. elF2 is a heterotrimer initiation factor that is compridéd of

b, and gamma subunits. eH&TP binds to the MelRNAiM®t to form the ternary

complex (TC). The TC then binds the 40S ribosomal subunit and other initiation factors
such as elF3 to form the 43S PIC. elF4F complex is built from elF4A, elF4G, and elF4G.
The el F4F c¢ o my methyl glanosirteap, neltsecoriddary RNA
structures in the 56 untransl|l ated region
Poly A binding protein (PABP). The8% PI C scans the 56 UTR f
where it hydrolyses GTP to GDP to release €BH2P. The 60S ribosoal subunit is then
recruited and translation of the open reading frame (ORF) may begin. elF2B is a
guanosine exchange factor (GEF) that recycles the GDP to GTP on elF2. The five
sentinel kinases in the ISR can phosphorylate Ser 51 dsiieunit of elF2which

inhibits the elF2B GEF through higher affinity binding. This decreases the GTP charged
pool of TC available for translation initiation, effectively reducing global translation.
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Figure 1.3: ER stress induces the unfolded protein respong&/PR)

Misfolded proteins accumulate during times of stress. The accumulationfofdads
proteinsactivates the unfolded protein response (UPRJughATF6, PERK, and IREL1.
The activation of the three arms creates a transcriptional respposeating the
transcription factor&éTF6-N, ATF4, and XBP1$0 upregulate response gena$F6-

full length (ATF6-FL) leaves the ER during times of stress to the Golgi complagreit
is cleaved by the Golgi resident proteas&®teolytic cleavage liberates the bZIP
transcription factoto translocate to the nuclelERK undergoes autophosphorylation
during ER stress, which enables ipiltosphorylate elR2 The phosphorylation of elfER
significantly reduces cap dependent translatioreduceprotein synthesis into the ER.
Phosphorylation of elR2preferentially traslates the transcription factor ATRRE1
autophosphorylates during times of ER stress, which enablesdtioanonically splice
out a 26nucleotide intron form the XBPHMRNA. Removing the intron creates a frame
shift that synthesizes the XBP1s trangtion factorAd a pt e dJPR sigoatm@ii by
BioRender.comZ021). Retrieved from https://app.biorender.com/biorertderplates
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CHAPTER 2 : MATERIALS AND METHODS

2.1 Cell Culture

Madin-Darby canine kidney (MDCK) cells, human embryonic kidney 293T
(HEK293T) cells human lung adenocarcinoma A549 cellero cells,and mouse 829
cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA,
USA). Mouseembryonicfibroblasts (MEF) wera gift from Dr. Nancy Kedersha
(BrighamandW mends Hospital, =&ibsweremantaidddin USA) .
Dul beccods modi fied Eaglebds medium ( DMEM,
supplemented with 10% fetal bovine serum (FBS, Life Technologies, Burlington, ON,
Canada)20 pM L-glutamine (Life lechnologies, Burlington, ON, Canadahd 100
U/mL penicillin + 100 pg/mL streptomycin + 20 pg/nglutamine (Pen/Strep/Gin;
Wisent Bioproducts, SBruno, QC, Canada). Cells were incubaae87°C in 5% CQ@
atmosphereGeneration of AS49[EGR&3BP1] cells is described {iKhaperskyy et al.,
2012) In brief, Dr. Khaperskyy generated A549 cells stably expressing E&dBP1 by
transducing cells with theetrovirus vector pMSCMEGFRG3BP1Puro. Once céd were
transduced with the retrovirus, they were selected for resistapegomycin treatment
(10pg/mL) and clones were generated from singlescélklls were further selected for
EGFP expression, Clone #isplayed strongytoplasmic EGFRS3BP1 foci bllowing

Silvestrol treatmentwhich was used for thistudy.

2.2 Influenza  Viruses and | nfections
Viruses used in this study include A/PueRico/8/34/(H1N1) (PR8),

A/Udorn/1972(H3N2) (Udorn)A/Brisbane/59/07(H1N1) (Brisbane),
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A/California/07/2009(H1N1) (CA/07)A/California/07/2009(H1N1) (CA/07) Mouse
adapted (CA/04MA), and A/California/07/2009(H1N1) (CA/07) RR2A
Nanoluciferase (CA/ONL). Wild-type PR8 stocks were generated using theamid
reverse genetic systefoomplaed by Dr. Khaperskyywhich was provided by Dr.

Ri chard Webby (St. Jude Chi l drAemanfadineResear c
sensitive PR8 (PR8mantS) was engineed by mutating the 2% codon in M2 from
GCU to GUU, which results ithe A27V substituion andmutating the 3% codon from
AAU to AGU, which results in the N31S substitution. The A27V Ai3d Samino acids
in M2 confer antiviral susceptibility tamantadineAmino acids were substituted using
site-directed mutagenesiBR8 AmantS was then generated using th@e&mid reverse
genetic system (completed by Patrick Slaitiorn was rescued from the-pasmid
system that was provided by Dr. Yoshi Kawaoka (University of Wiscemsidison,
Madison, USA)Xcompleted by Dr. Kaperskyy) CA/07 was provided by the Public
Health Agency of Canada (PHAC) National Microbiology Laborngt8risbane was
gift from Dr. ToddHatchette (Dalhousie University, Halifax Canada®/07-MA was
mouseadapted by serial passagingSwissWebstemice, performed by CarllacRae

in the Hatchette lafSlaine et al., 2018)CA/07-NL wasa gift by Dr. AndrewMehle
(University of Wisconsin Madison, Madison USA)nfluenza virusstockswere
propagated in MDCK cells in IAV infection media (DMEM supplemented with 0.5%
[w/v] bovine serum albuminBSA, Sigma, St. Louis, MO, USAand 20 pg/mlLL-
glutamine, and 1 pg/mil-tosytL-phenylalanine chloromethyl ketone (TPCigated
trypsin). TPCK treated trypsin activatddV HA by cleaving HAO into HA1 and HA2,

liberating the fusion peptid&upernatant was harvedtat 4872 hpi, centrifuged at
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2,300x g for 5 minutes to pellet cellular debris, aliquoted, and storegi@te C. St oc k s

CA/07-MA for mouse experiments were generated using 1éthgmbryonated
chicken eggs. 1:100 dilutions of CAKA grown from a plaque purified stock grown in
MDCKs were used to infect the embryonated eggs. Diluted virus was injected into the

allantoic cavity of theegg using a 28auge 1mL syringe. After incubating the eggs for 3

days at 33eC, the dantcantritugedat3,008rpmfa5 was har v

minutes. A HA assay was performed on every €bd\ assay is described belovlhe
allantoic fluid fromall eggs were pooled if they yieldéd HA units or aboe. The virus
wasaliguotedand stored a8 0 ePaque forming units (PFU) were calculatedplague
assay as described below.

For infectiors of cultured cellscell monolayers were washed briefly withkPBS
before inoculabn with diluted virus. \irusinoculumswere diluted in IAV infection
media withoufTPCK-treatedd r ypsi n and add e dInfecbonsowere | s
conducted at a multiplicity of infeicin (MOI) of 0.1, or as indicatedAfter thediluted
inoculumwasremoved, cell monolayers were washed WixiPBS(Wisent, StBruno,
QC, Canadaand fresh IAV infection media was added. Supernatants were harvested at
24 hpi unless indicated otherwidérus containing gpernatant was incubated with

TPCK-treatedT r ypsi n at 1.50g/ mL for 1 hour at

2.3 Plaque Assay
Plaque assays were performed on confluent MDCK cells using 1.2% Avicel (FMC,
Philadelphia, PA) overlays as describedMatrosovich et al., 2006 onfluent MDCK

cells were infected with seriallyi | ut ed i nfl uenza sampl es
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aspirated off and cells were washed with 1XPBS. Overlay (1 (2.6% Avicel):1 (9:1
2XMEM:5%BSA inDMEM)) supplemented with 1ug/mL TPCGHKeated trypsin was

added to the wells and cells were incubated fei88 hour s at 37eC with
atmosphere. Cells were washed twice with 1XPBS to remove the overlay before fixation

with 5% formaldehyde for 30 minwteat room temperature. Cells were washed 3 times

with 1xPBS for 5 minutes each before adding 1% crystal violet (w/v in 50%

methanol:50% dH20). Crystal violet was washed off aftembating forl5 minutes

beforecounting plaques

2.4 Hemagglutination Assay

Turkey red blood cellSRBC) (Cedar Lane’209403) were washed with 1XPBS
and diluted to 0.5% final concentration. In a round bottom 96 well plate, virus from each
egg was serially diluted with a ratio of 1:2 with 1xPBS. 50uL of diluted red blood cells
were then added to each well, shaken, and incubated at room temperature for an hour.
Wells were observed for the formation of agglutinatwhere the RBCs fail to settle into
afocusat the bottom of the welHA units were calculated from the reciproofthe

highest dilution which agglutination was observed.

2.5 Chemicals

6-thioguanine (6T G), 6-thioguanosine (@Go), also referred to &Amino-6-
mercaptopurine riboside hydraten@rcaptopurine @1P), 5fluorouracil (5FU),
ribavirin, integratedstress response inhibitor (ISRIB}phenylbutyric acid (4°BA),

Tunicamycin (TM), sodium arsenite (As), and Thapsigargin (Tg) (all obtained from
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SigmaAldrich Canada Co., Oakville, ON, Canada) were solubilized in dimethyl
sulfoxide (DMSO) andstoredes80 e C. St ock concentrations we
concentrations in medi®atA was a kind gift from Dr. Jerry Pelletier (McGill University,
Montreal, QC, Canadayilvestrol was obtained from MedChem Express (Princeton, NJ,

USA).

2.6 Cytotox icity Assay

A549 cells were seeded at 10,000 cells/well in-a@86 plateprior to drug
treatmentDrugs were diluted in infection media at indicated conceatrand incubated
with the cells for 24 hours. At 20 hours pa&atment, 10% alamarBlue Cell Viabjl
Reagent (ThermoFisher) was added to the cell monolayer followed by 4 additional hours
of incubation.The active ingredient of the alamarBlue assay is resazurin, which is cell
permeable and netoxic. Resazurin is reduced to resorufin by the cellulayees in the
mitochondria. Resorufin is highly fluorescent and can be detected in a florebesece
platereade?| at es wer e i ncub adatmodphesePlate3 WegeC wi t h 5 %
analyzed on FLUOstar Omega 96 well plate reader Tecan Infinite M200 RO
microplate readeat an excitation of 544 nm, and an emission 0f580 nm. The
relative fluorescence units foells treated witlvehicle (DMSO) anddompoundsvere
first normalized taellsthat were untreatedfter this,treatedcellswere then normalized

to DMSOtreated cells to represent the overt cytotoxicity over the vehicle control
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2.7 Immunofluorescence
For immunofluorescence microscopy cells grown on glass covengifes
washed with 1xPBS, fixed using 4% paraformaldehydean temperature for 15
minutes before permeabilizingwith 0 e C met hanol . Casingmmouseer e t |
monoclonal antibody to G3BP (clone 23, BD Biosciences, Mississauga, ON, Canada),
goat polyclonal antibody to influenza viraatigens haemagglain (HA), nucleoprotein
(NP), and matrix protein 1 (MXpb20841, Abcam Inc., Toronto, ON, Canada), and
rabbit monoclonal antibody to TIAR (clone D32D3, New England Biolabs Ltd., Whitby,
ON, Canada) at the manufacturerFlos r ecommen
conjugated secondary antibodies (Molecular Probes) were used at 1:1000 dilution in
combination with 5 ng/mL Hoechst dye. Images were captured using Zeiss Axioplan Il

microscope or Zeiss LSM 510 laser scanning microscope.

2.8 Immunoblotting

Cell monolayers were washed once with-c@d PBS and lysed in 2x Laemmli
buffer (4% [w/v] sodium dodecyl sulfate [SDS], 20% [v/v] glycerol, 120 mM-H{
[pH 6.8]). DNA was sheared by repeated passage througlgaugfe needle before 100
mM dithiothreitol (DI'T) addition and boiling at & for 5 min. Samples were stored at
20eC until analysis. Total protein concentration was determined by DC protein assay
(Bio-Rad) and equal quantities were loaded in each-BBSE gel. Proteins were
transferred to polyvinytlene difluoride (PVDF) membranes (BRad) with the Trans
Blot Turbo transfer apparatus (BiRvad). Membranes were blocked with 5% [w/v] bovine

serum albumin in TBS (Tris-buffered saline, 0.1% [v/v] Tween) before probing
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overnight at 4C withprimaryantb odi es t o t h e -actio(rdbltVHRA g t ar g e
conjugated, Cell Signaling, #5125); ATF6 (Mouse, Abcam, ab122897); BiP (Rabbit, Cell
Signaling, #3177); CHOP (Mouse, Celll Signa
#5324);Serine 51 phosphoryiato n  ¢Ralibig, Abcam, E90)nfluenza A virus

polyclonal antibody against HA, NA, and MGoat, Abcam, ab20841); influenza virus

NA (Rabbit, GeneTex, GT288hfluenza NS1Mouse Kerafast clone 13D8)jRE1

(Rabbit, Cell Signaling, #3294); PARP (Rabbit, Cell Signaling, #9542); PERK (Rabbit,

Cell Signaling, #5683); phospt®bte | F2U ( Rabbit, Cel | Signal.i
(Mouse, Cell Signaling, #12782). Membranes were washed witRTT&&1 incubated

with HRP-linked secondary antibodies prior to detection with ClaEGL

chemiluminescence reagent (BRad). All blots were imaged on a BRad ChemiDo¢

Touch system. Molecular weights were determined using protein standards (New

England Biolabs, P7719%achprotein target was probed independently of each other,

except cellular actin and the pdlV antibody. Unless indicated otherwise, all western

blotimages represent two independent biological experiments.

2.9 Semiquantitative XBP1 mRNA Splicing Assay

The semiquantitative XBP1 mRNA splicing assay was performed as described
previously(Johnston et al., 2019 pecifically, total RNA was isolated from treated
A549 cells with the RNeasy kit (Qiagen). Five hundred nanograms of total RNA was
reverseetranscribedRT) using the Maxima H RT kit (fflermo)to complementarfpNA
(cDNA) using the oligedT primer Oligo-dT anneals tonRNA poly A tails, facilitating

the conversion athe entire mRNA pool to cDNAA 473-bp PCR product waamplified
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from the cDNAusing the XBP1 forward primeigb
AAACAGAGTAGCAGCTCAGACTGGC36and the XBP1 reverse primed 5
TCCTTCTGGGTAGACCTCTGGGA3G f r o mThe BARAroduct of the unspliced
XBP1mRNA contains the 2@ucleotide intron, while the PCR product of XBP1s is
lacking the 2énucleotides. ThesDNA copy of he 26-nucleotide intron contains a Pstl
cut site, allowing digestion of the unspliced XBEZINA while XBP1scDNA is resistant
to the restriction enzymé&he PCR product was digested overnight with-Pitlto

cleave the unspliced XBP1 product into XBP1ludl XBP1u2. The digested PCR
product was resolved on a 2.5% agarose gel made wittislacetateEDTA (1XTAE)

and stained with ethidium bromide (Sigikdrich). Data was captureoh a ChemiDoc

imaging station (BieRad).

2.10 Sequencing and Analysis

Total RNA was isolated from virdsfected MDCK cells using the RNeasy Plus
Mini Kit (Qiagen Inc., Toronto, ON, Canada), and the viral genomic RNA was reverse
transcribed as described(ikhaperskyy et al., 201&jsing the Maxima H Minus First
Strand cDNA Synthas Kit (Thermo Fisher Scientific, Grand Island, NY, USA) with the
Uni 12 p-AGOPMAA AGCRAG-3 NB. Hoffmann et al., 2001 he first 12
nucl eoti des on t heighB déonsermed acmgs alteiyld gegoen@a o me i s
segments; this conservation is observed across all IAV subtypes. The universal consensus
sequencat t he thée eredyadfi ve sense RNA genome i s
The fourth nucleotide is R, the single lettededor pyrimidine (T or G)with the first

three segments of the genome harbouring a C at the fourth nucleotide, while the last five
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segments carry an T. Accordingly, the primer used to generate the cDNA library and
subsequent amplificAm@G ond i(sr e&fde rArGeCAR AtAA GaCs L
Unil2), with the fourth nucleotide being an R, the single letter code for purine (A or G).

The primer pool contains both the 56 AGCGA
AGCAAAAGCAGG 306 in equal conc ebetamplfitcd ons, e
without introducing artificial selection of one segment over the others. Similar to Unil2,

al |l | A Vs have the |l ast 13 nucleotides (Uni
conserved across all eight segments and IAV subtgid#dAs wereamplified for 10

cycles with Phusion High Fidelity DNA Polymerase (NEB) using primers (specific parts
underlined) containing lllumina Nextera Transposase adapteid:iRl 1 -2CQ TEGj

GCA GCG TCA GAT GTG TAT AAG AGA CAGAGC GAAAGCAGG3 Nj) and R2

Unil3 (BNGTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA G TAG

AAA CAA GG-3 Nj) u-s 48rn@anriedling andmiin 72 °C extension steps (adaptor

and barcode oligonucleotide sequences from lllumina, Inc., San Diego, CA,(Blake

et al., 2018)Products were purified using the PCR Purification Kit (Qiagen), and 1 ng

was used for Nextera XT (Il lumina) I|library
instructionsexceptt h at t h ebaskdldadup ant roandlization (two steps) were
completed using the JuatPlate 96 PCR Purification and Normalization Kit

(CharmBiotech, San Diego, CA, USA) in one step. Complete libraries were pooled and
sequenced in a portion of a 300 + 300 bp PE MiSedlHlumina 600cycle v3 kit) by

the CGEBIMR (Centre for Genomics and Evolutionary Biology Integrated Microbiome
Resource; (http://cgeilnr.ca). Raw reads were imported into Geneious R 8Kle8rse

et al., 2012)Reads were trimmed at default settingdlfiltered for a quality (Q) score of
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30, selecting reads that have an error probability less than 0.001. Reads were aligned to
reference genomes for each individual segment. Once aligned, single nucleotide
polymorphisms (SNPs) were identified using Geneious variations/SNPs at 1% abundance
(McGinnis et al., 2016)SNP frequencies and locations were imported into R (Wavw.r
project.org)for final analysis.

The internal sequences of the larger viral segments sometimes are removed,
resulting with the 56 and 36 ends of the s
the internal coding capaci tgethatfsligathkdédoas e g me n
36 downstream sequence, deleting the inter
Junctions ofnternally deletedriral genomes were called manually in Geneious by
identifyingincorrectly alignedeads that spanned the junctiitumina reads cover 150
350 base pairs allowing them to cover these juncti@eads that showed homology to
the 3Ny and 5N ends of the viral genome wer

breaks similarly tqSaira et b, 2013)

2.11 Generation of Recombinant Viruses

Eight genomic segments for the parental CA/07 virus were amplified individually
from the multisegment cDNA using universal primer sets describéd.itHoffmann et
al., 2001and cloned into the pHW2000 vect&. Hoffmann et al., 2000¥ielding eight
constructs named pHW 71 pHW-C78. Subsequently, T156A and F740L amino acid
substitutions were introduced into the PB1 construct to create-GAXT156A, F740L)
and E349G in the PA construct to create pl@WRB8 (E349G) using the Phusion site

directed mutagenesis PCR protocol (NEB). All constructs were verified by Sanger
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sequencing. Recombinant viruses were rescued from 8 plasmids using HEK293T and
MDCK cells as desthed in(E. Hoffmann et a] 2000; Neumann et al., 199%or

production of CA/07 virus, the original pH\W71 pHW-C78 plasmids were used. pHW
C72(T156A,F740L) and pHWC73(E349G) were substituted for pH®@W72 and pHW

C73 constructs, respectively, to produce CAR¥, PB1-MA virus.| co-cultured HEK

293T cells with MDCK cells to rescue infectious viral progeny. To generate stocks, virus
was then passaged in MDCKs twice with observable cytopathic effects. Virus production

was quantified using a plague assay and store®l @te Cfutdrenexperiments.

2.12 Minigenome Assay

Viral RNA polymerase activity was tested in HEK293T cells using the
reconstituted minigenome assay with the pR@8N-NA-firefly -luciferase reporter
construct (gift from Dr. Yoshihiro Kawaoka, University of Wisstn-Madison,
Madison, WI, USA) and in mouse9R9cells using the pHINS-FFLuc reporter
construct (gift from Dr. Georg Kochs, University of Freiburg, Freiburg, Germany). The
assay was performed as describe¢¥inLi et al., 2009) except the pHWAC71, pHW
C72, pHWC73 and pHWC75 plasmids were used for the expression of CA/07 PB2,
PB1, PA and NP proteins, respectively, and the pGLARIUJITK) plasmid (Promega,
Madison, WI, USA) for control Renilla luciferase expressibime

The dual luciferase assay was performed 24 hipassfection using the Dual
Glo Luciferase Assay System (Promedangineered themino acid substitutions into
PBland PA expressiovectors pHWC72 and pHWC73 by site-directed mutagenesis

andtesedeffects orviral polymerase activityn the minireplicon assay.
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2.13 Generating CRISPR KO Cell Lines

The lentiCRISPR/2 plasmid wascquired from Addgen@ddgene plasimd #
52961; http://n2t.net/addgene:52961; RRID:Addgene 52@&Hr)jana et al., 2@d). The
lentiCRISPRv2 plasmids encoding guide RNAs targeting human PERK ottargeting
guide RNA control were cloned with primer sequences designed using Broad Institute
GPP Web Portal (https://portals.broadinstitute.org/gpp/public/andbalis/sgrna
design). Guide RNA insert sequences: PERK gtide-6AATATACCGAAGTTCA
AAG; PERK guide2 -BGACCAAGACCGTGAAAGCA,; nontargeting (NT) guide
5 -0GCACTACCAGAGCTAACTCA (sequence similar to scrambled guide RNA in
pCasGuide CRISPRiScramble vector from OriGenesghnologies)The parental cell
line was a pool of A549s passaged from an original stock purchased from the ATCC.
A549 cells were transduced with lentiviruses generated with these vectors at MOI 1.0 and
stably transduced cells were selected with 1 pg/mdmycin for 48 h. Resistant cells
werediluted to 0.5 cells/100uL arseeded 00 pL into 96-well dishes for singeell
clone isolationThis dilution allowed 1 out of 2 wells to contain a single cell. Each well
was confirmed to contain a single cell thraodgightfield microscopyKnock out(KO)
clones were confirmed using western blotting and subsequently used in expeniiients.

control A549 cells were also clonally selected for.
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2.14 Mean lethal dose 50( MLD s50) Calculation inthe BALB/c
Mouse Model

BALB/c mice(Charles Rivef28) were purchased at 4 weeks of age and
acclimatized for a weekk the Carlton Animal Caré-acility. Mice were separated into
theirrespectivegroups with their ears marked for identification. CAMIA virus was
10-fold serialdiluted in PBS (18 to 108) before infedng mice. Groups of 5 mice were
shaminfected or infected intranasally with P of seriallydiluted virus in PBS. Mice
were anesthetized with 5% isoflurane before adding 1R .&f virus to each nostril.
Mice wee allowed a brief recovery period before adding the second amount of virus to
their nostril. Mice were monitoredr the clinical manifestation of influenza infection,
which include; weight loss, dehydration, reduction in body temperature, lethargy,
hunched postures, and laboured breathing. These were categorized into the following six
guantifiable clinical outcomes: physical appearance, posture, activity/behaviour, body
temperature, hydration, and body weight. Mice were observed and reaeigecke of €8
for thelisted clinical outcomedf mice received a score of 12 or greater, or lost 20% or
greater of their body weight, then they were euthanized by cervical dislocation after
isoflurane induction and marked agatality. Survival rates were grapheddaMLDsg
units were calculated using the Réddench methodReed & Muench, 1938The
MLD 5o of the stock of CA/OMA was calculated to be 1881 MLDs¢/50 pL, which is

approximately3 virions/50uL.
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2.15 6-TG Treatmentin Murine Challenge Study

BALB/c mice(Charles Rivef24) were purchased at 4 weeks of age and
acclimatized for a week in th@arlton Animal Care FacilityMice were separated into
theirtrial groups with ears markefor identification. Mice were treated withT8&5 (0.3
mg/kg), Ribavirin 0 mg/mL), or vehicle control (PBS) by intraperitoneaP() injection
two days prior to infectiorRibavirin was shown previously to be antiviral against HIN1
in the murine modglRowe et al., 2010Ribavirin and 6TG were solubilized in PBS.
Injections continued every day until 10 days gagtction, alternating sides each day.
Mice were infected on day O with ~B).D 5o units.A cohort of mice were mock infected
to provide a healthy example. Mieeere monitored and weighed frequently and
euthanized if ethical endpointgere exceededvlice were sacrificedn day 3, 5, and 7 to
obtainBronchoalveolar Lavage FIU{@ALF), and harvesslungs for histopathology
scoring.500 pL of sterile 1xPBS was used to lavage mice-pustem To harvest
samples, mice were anesthetized with 5% isofluBA&F was centrifuged to pellet
cellsfor flow cytometryanalysis and supernatants westerilefiltered to enumerat the
infectious progenyy plaque assayBALF was also used to quantify the cytokines and
chemokine profile from healthy micaock treatednfected mice, and-8 G-treated
infected miceBALF was treated with 2hJcm2 UV light (254nm, UVC) in a HI-:2000
Hybrilinker chamber (UVP) (equates to 3 minutes) to inactivate any virus present in the
BALF. Chemokine and cytokine profilwerequantified using a Multiplex ELISA for
murine targetsWorking with the Marshall lakipactivated BALF was diluted in PBS and
analyzedor 23 different targetsising the ProcartaPI&% Multiplex Inmunoassay

(Targets are listed in tablel).
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2.16 Flow Cytometry  Analysis

BALF was centrifuged at 500xg for 5 minutes to pellet c@lkdls were washed
with FACS buffer (0.5% BSA and 1% azide w/v in 1xPBS) beforean blue staining
andcountingviablecells with on a hemcytometer. Cells were probed for CD4%at,
PerCP Cy5%-A, Cat #103126 Biolegend, CD11c Armenian HamsteiAPC A, Cat #
117306 Biolegend, CD11b Rat,FITC A Cat #.01216 Biolegend, SigLig F(Rat,PE
A, 1IRNM44N, Thermo Fishgrand Ly6G RatAPC eFluor 780Cat #127607
Biolegend. Cells were analyzed on the BD LSR Fortessa instrument. A total ¢#CGBDO
events vere captured and cells were gated from forward and side s€iitéb and side
scatter to enumerate leukocytes, CD11c and SigLig F to enumerate alveolar

macrophages, and Ly6G and CD11b to enumerate neutrophils

2.17 Statistical  Analysis
Statistical analsis was performed on values obtained from at least three
independent biological replicates with PRISM GraphPad 8, using-avan@&NOVA
followed by a Tukey multiple comparison testwo-way ANOVA followed by
Dunnett ds mul t iSakiséical aalysis was algpedanmedwehspaired t
tess;, with Wel choés cor r eSignificanoe isfindicategwitl*nfpd ar d d ¢
value of <0.05), ** (pvalue of <0.01), *** (pvalue of <0.001), **** (pvalue of

<0.0001).
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2.18 Accession Num  bers

Sequences used for each segnoért/California/07/2009 (H1N1are as follows;
Segment PB2 (NC_026438), SegmenB1 (FJ969531), SegmenfA
(NC_026437), SegmentHA (FJ981613), SegmentlSP (NC_026436), SegmenMNA
(GQ377078), SegmentM (FJ%9527) and Segment8S (NC_026432). The protein
accession number used for 3D modeling was 4WSB. Images were generated using
PyMOL Version 2.0.4 (The PyMOL Molecular Graphics System, Schrodinger, LLC.
(http://pymol.sourceforge.net/fag.html)). Mutations evetentified in 5 out of 8 segments
of CA/07-MA. The genomic segments harboring adaptation mutations akothe
Structural (NS) PolymeraseéAcid (PA), Polymerase Basic PB2), Hemagglutinin HA),
andNucleoprotein INP) were submitted to GenBank and candzcessed as MG027911,

MG027912, MG027913, MG027914 and MG027915, respectively.

2.19 Animal Ethics

Female BALB/c mice were purchased form Charles River Laboratories. Mice
were maintained under specific pathodeze conditions in the Carleton Anim@hre
Facility at Dalhousie University. All experimental procedures were approved by the
University Committee on Laboratory Animals following the guidelines of the Canadian

Council on Animal Caré¢approval number:1857).
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CHAPTER 3 : THE elF4A INHIBITORS SI LVESTROL AND
PATEAMINE A IMPAIR THE ACCUMULATION OF VIRAL

PROTEINS AND REDUCE VIRUS PRODUCTIO N

3.11 ntroductio n

Current antivirals against IAdirectlytarget viral proteins NAV2, and PA
Identifying new antiviral theraps against IAV is essential immbating yearly
epidemics or global pandemibecauseeasistance mutatiorguickly becomeixed in
viral populatonsThe RdRp of | AV | acks 306 @ao 50 exon
exceptionally high mutation rate of 4.5x1® 0.5x10° s/s/r(Nobusawa & Sato,d6).
This results in the rapid generation of mutant genotypes in the virus popusatjoof
which will be rapidly selected for if they confersistance to an antivitalherefore, IAV
can quickly become resistant to diracting antiviralslf there is nofitness cost for
antiviral resistance, the mutation that confers resistanceamihin fixedin the virus
population. An example of this is IAV resistance to amantadimentadine blockshe
M2 ion channefrom acidifying thevirus core an esseral step during entryHowever,
amantadinés no longer effective in clinical settings due to siragl@no acidsubstitution
(S31N)in the ion channgTo & Torres, 2019)Because of this, only one class of
antiviral is used in clinical settings against IAV in North America, necessitating the need
for new antivirals.

Since IAV has demonstrated the ability to develop resistandedivext-acting
antivirals, research has shifted to selectively targeting host factors to impair virus

replication.lAV is anobligate intracellular parasite thatesonotencode any proteins
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dedicated to metabolism and protein synth&digrefore, IAVmust hijackits hosts
translation and metabolic pathwaysstgpportvirus replication.Genomewide CRISPR
KO studies have identified hundreds of host factors that are essential to sustain virus
replication(B. Li et d., 2020) Targeting host translation may be effective at impairing
the synthesis of viral proteins, and subsequently reduce the production of progeny virus.
The genetic bottleneck to develop resistance against a Hirkssmablygreater than
that of adirectacting antivirabecausehe virus will be forced to evolve around host
processedAV may not be able to overcome the large genetic barrier generated by
HTAs. The gneration of HTA resistant IAV mayprce the virus to utilize new host
processes will likely require numerosigbstitutionsacross the genonte arise
concurrently
IAV generates mMRNA that closely resembles host mRNA, allowffigient
protein synthesis blyosttranslatioormachinery.The 1AV RdRp utilizes the first 204
nucleotidefrom nascent host mRNA&s a primer to synthesize the positive sense
MRNA (Dias et al., 2009)mportantly, thefirst 1L 4 nucl eot i deaagthatt ont ai r
promoteslF4Fdependent translatiorlost MRNAs contaih h e 3 6 pwhithgre A t ai |
recognzedby cellular PABPgluring translationlAV NS1 inhibitscellular CPSF30,
which impairst h e f or ma tpolyoArtail anfhostnRNAS (Retneroff et al., 1998)
IAV is able to bypass NS1 mediated host shutoffditerative copying from a stretch of
uraci |l nucl eotides in its Thenocdpde dt d hey rBtdh e
paly A tail on viral mRNAsprotectit from degradation by host factors such as Xrnl
(Clerici et al., 2017)NS1 also plays an important role in recruiting ribosomes to viral

MRNAs (Panthu et al., 2017)
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Translation is the cellular process of synthesizing a polypeatigtep that is
essential to all callar functiors. For bulk translation, the host mRNA is bound by the
elF4F complex. The elF4F complex is compriséthe cap binding protein elF4E, the
scaffolding protein elF4G, and thd PaseDEAD-box RNA helicase elF4A. elF4E
recognizes mRNA specifically Hyinding tot h ecawiich enables cagependent
translation(lwasaki et al., 2016, p. 4¢IF4G binds elF4E, along with PABP to
circularize thenRNA to allow efficient translationThe elF4A helicases responsible for
unwinding the secondary RNA structures fountlih e 56 UnRRA, adingih h e
translation initiation.

For translationinitiation to occurthe TC binds elF3,elF5, elF1, elF1A, and the
40S ribosomal subunit to form the 4BE&C. The 43SPICis then recruited telF4F
MRNA (Ilvanov et al., 2019)Together, thénitiation machineryscanshe 56 of t he
MRNA for an AUG start codonOnce there is established coelamticodon binding, the
48S initiation complex form@rito Querido et al., 2020¢IF5 induces the hydrolysis of
elF2-GTP to éF2-GDP which results in the partial dissociation of elF2 from the 40S
subunit, allowing the recruitment of the 60S sub(Bitto Querido et al., 2020)
Together, the 40S and 60S ribosomal subunits form the 80S, which processes incoming
charged tRNAs to synthesize the polypeptide. Aftamslation initiation occurelF2
GDP must beechargedo elF2-GTPto reform the ternary compléefore the next round
of initiation (Hinnebusch, 2011; Holcik & Pestova, 2007)

Translation igesourcentensive andhighly demanding on callar metabolism.
Accordingly, translation is tightlyegulatedo prevent the synthesis of unneeded and

potentially harmful productsTranslation is primarilyegulatedduring initiation through
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controlling the functions oéIF4F and elF2. As noted aboeti-4F consists of three
Ssubunits that wor kcapani3 @oly At@ieofaamRNAand i nd t he
recruits the 8S preinitiation complexelF4F assembly and functican beregulated by
MTORC signaling which phosphorylates 4BPs (P. Shen et al., 2018 EBPs

sequester elF4E away from the elF4F complex, disallowing translation initi@@meic

& Pelletier, 2016)mTORC phosphorylates 4BPs, which dissociates 48P from

elF4E, allowingelF4E to participate in the formation of elF4F subsequently allowing
capdependent translatidiDiab-Assaf et al., 2015)he ISR controls translation through
elF2B, a GEF through the phosphorylatiafrelF20on Ser51 (CostaMattioli & Walter,
2020) The recycling of GIP to GTP on elF2 is a rate limiting step to translation
initiation, and it is regulated by the GEF elF2B. ISR signaling results in the
phosphorylation ofhe Usubunit ofelF2, which prevents the recycling of e}l&DP to
elF2-GTP in the ternary compleXhere are five kinases responsible for phosphorylating
elF2J, each acting as a sentinel for specific cellular strgétieaebusch, 2011; YN. Lu

et al., 2021, p. 2)

My first investigation into newHTAs was characterizing translation inhibitors
silvestrol(Sil) and pateamine fPatA)(Fig 3.1) Bothof these compounds impair global
translation and likely pose a large evolutionboytleneckfor the generation of antiviral
resistanceBoth Sil and PatA sifically inhibit the elF4A helicas&ilvestrol isa
member of theocaglate family of compounds, known for their central
cyclopenta[b]benzofuran skeleton. Rocaglates can be isolated fromipldrgsAglaia
genus. Impairing elF4A caadfect global progin synthesis, with previous studies

showing downregulation of pro and amtflammatory cytokines in human macrophages
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(Blum et al., 2020; Kim et al., 200Mlumerous studies have shown that elF4Aés th

molecular target of silvestr¢@Chambers et al., 2013; Chu et al., 2016 thought that

Silvestrol specifically increases the helicase activity of elF4Al, effectively locking the

helicase to the mRNA and depleting the pool for futtamslation(Sadlish et al., 2013)
Treating cells with Sil dramatically incre
sequences of transcripts. Furthermore, sequencingf@iAsthat accumulated

ribosomes after Sil treatment show that almosteaibgivemRNA contain G

guadruplexes whichfour guanines fold in a planar arrangem@hiblfe et al., 2014)
G-quadruplexstructures are thought to regulate the expression of a subset of mMRNAs. It

is thought that sequences wiihquadruplexes pose a barrier to translation and rexjuire

elF4A to melt the highelevel RNA structure to initiate translation. Previous work has
demonstrated thaddingGqu adr upl ex sequences to the 506
increases its susceptibylito Sil treatmenfWolfe et al., 2014)Recent work argues that

Si | i ncreases el F4Ab6s af mRNAswithythetGo pol ypur i
guadruplex. The authors showtleat F4 A A f i x e mdepeaderthof theR N A

elF4F canplex (lwasaki et al., 2016 CellularMYC and a number of other oncogenes
contain 56 UTR s e quuwmdruplexsstructivea Therefaenthef or m a G
translation of GMYC and other oncogendsghly suspectable to elF4A inhibitofg/olfe

et al., 2014)Sil is being pursued as a potential a@hcer agent because of its ability to

impair translation of oncogeneSome cancer cells show resistance to Sil by upregulating
ABCBL1 and Pglycoprotein (Pgp), which are involved in the efflux of small molecules.

Impairing Pgp or knocking down ABCBL1 sensitizes cells tq&iipta et al., 2011)
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PatA is a natural compound isolated from the marine sea spbyuge
hentschelthat irreversibly binds elF4QLow et al., 2007)PatA has shown remarkable
effectiveness against actively replicating celleerea quiescent cells are 1086-2000
fold less sensitive to PatAhe primary mechanism of action of Patfel&4A inhibition,
although studies hawdemonstratethat PatAalsoimpairs host DNA polymerase and
actin polymerization at much higher concentratifiuznetsov et al., 2009; Matthews et
al., 2013) PatA is not subjected f8&gp and ABCBInediated effluKuznetsov et al.,
2009) Similar to Sil, PatA shows prefettgl inhibition against highly metabolically
active cells.

There are three isoforms of elF4A, elF4Al, Il, and Ill, which are synthesized
through differential splicing. elF4A | and Il show a high degree of homdalegg%
amino acid similaritywith eachother, whik elF4Alll shows lesser homology. Previous
work has shown that with their high degree of homology, elF4Al and Il likely have
similar, but ultimately unique roles in translati@aliciaVazquez et al., 2012¢IF4A
resides within the helicase superfamily 2 and is found bound to other factossuch
elF4B and elF4H. Furthermore, elF4A has ATPase activdtenhances RNA binding
el F4F stimulates el F4A06s ability to bind t
affinity to RNA and subsequent melting of
(GarciaGarcia et al., 2015Both elF4Al and elF4All are targets of Sil and PatA. For the
duration of this chapter, | Wirefer to elF4Al and elF4All as elF4A.

Impairing elF4Al or elF4A 1l with Sil or PatA canmesult in the formation of
cytoplasmic stress granules (S@silependent of the phosphorylation of dlhd

dephosphorylationf 4E-BPs (lwasaki et al., 2016 5Gs characteristicallyarisefrom the
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phosphoryl ation of el dungISRsigmalng IGs gpically t h e
contain stalled 48S preinitiation complexes and their associated mRalkd mRNPs
recruitseverahucleating and aggregation prgmeteins, such as R4&3AP SH3 domain
binding protein G3BP), T-cell intracellular antigerl (TIA-1), and TIArelated protein
(TIAR) (Kedersha et al., 2016)ggregates of stalled mRNP forimo SGs. SGs can
releasenRNAsback into theactivelytranslaing pool once the stress is resol&hnov
et al., 2019)mMRNAs in SGgan also be degrad#ttrough processing bodies.

In this chapter| investigate the efficacy of elF4A inhibitors as HTAs against
IAV infection. The work in thichapter is published in thgeer reviewegburnal
A Vi r arsds@ne experiments from that publication were performed by other members
of the McCormick lal{Slaine et al., 2017Yhe work completed by my eauthorsis
explored inthe discussionn thischapter | explord hosttranslation aatarget for HTAs
against IAV infectionl demonstratgthat targeting elF4A impadthe synthesis of viral
proteins, which subsequently reduced virus production. | methodically adéheze
elF4A inhibitors across three different model cell lines and guedtifie antiviral
properties across several different influenza viruses. | demonktnateIF4A inhibitors
Sil and PatA induakthe formation of SGs in infected cells in a dospendenimanner
| also identified significant cytotoxicity of thelF4A inhibitors on my model cell lines,

limiting their application to clinical settings.

3.2 Results

3.2.1 Sil and Pat A I mpair ed IAV Replication
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All viruses are obligate intracellular parasitesl requirea host or gani smob
cellular translation machinery to synthesize all viral protdig.synthesizes mRNAs
that are almost identical to host MRNAs and are sensditranslation arrest
(Khaperskyy et al., 2014k has been demonstrated thatl&k been shown to impaire
replication ofZika virus (Elgner et al., 2018)oronaviruses and picornavirugdsiller
et al., 2018)and hepatitis E viruglitscheret al., 2018)I treaktd PR8infected cells
with Sil and PatAo determinghe compoundgotential antivirakffects An effective
antiviral, be it directacting or hostargeting, must show efficacy in cell models before
moving to an animal model. Acadingly, lutilized three cell line models for IAV
infection humanlung adenocarcinom@549), African Green Monkey kidneVero),
and MadinDarby canine kidney (MDCK)yith the laboratorydaptedAV A/Puetto
Rico/08/1934 (H1N1) (PR8p quantify the effectiveness of these compoufitie A549
cell linesupports IAV replication and is a typeplilmonary epithelial cell modéFoster
et al., 1998) The MDCK cell linepolarizes with apical and basal membranes with the
associated trafficking to each membrane. 1AV infection specificallizesi the apical
membrane for both entry and egress, with viral glycoproteins targeted to the apical
membrane for buddin@Barman & Nayak, 2000; Sato et al., 2018pical trafficking of
viral proteins occurs during typical infection, allowing the budding virions to be
aerosolized and transmitted to the next individaatordingly, the MDCK cell line
supports the replication of laboratory adapted and clinical isotdtfluenza viruses.
The Vero cell line is also used to propagate IAV. Vero cells havemadgabase deletion
on chromosome 12, which removes the type | interferon gene cluster resulting in a

significantly impaired antiviral respong@sada et al., 2014) he interferon gene cluster
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contains IFNUand IFN-b reponse genes, many of which are antivifadrrar, 2014)
The lack ofthetype I interferorclusterallows the propagation of attenuated viruses that
have NS1 mutationd&gorov et al., 1998)hese cell linesvere infected with a low
multiplicity of infection (MOI), of 0.1, to analyze a single replication cycle of the virus.
Infected ells were treatg with serially dilutecconcentrations dPatA for 23 hours.
Infectious viral progenywas enumerated at 24 hpi from cellular supernatant with a
plaque assay using confluent MD@Kllsand overlaid with AvicelPatA showed a dose
dependent impairment of PR8 replicateoually inall three cell types (Fi§.2A), with
~2.5 log reduction at the highest concentration of 20 M. EGo values are roughly
around 3 nM across all three cell lin&d. treatment showed varikbeffectiveress across
the three different cell linesvith A549s showng the highest degree of sensitivity to Sil,
whilst Sil showed almost no effect on the Vero cell line @&8A). Sil treatment at its
highest concentration of 640 nM in A549 cells reduced thé tiira over 2.5 log (500
fold reduction) whereasnfected Vero cells treated with 640 nM yieldedoBd less virus
compared to cells treated with vehicle contxbius production in the A549 cell line was
significantly impaired even at the lowest centration of SiIMDCK cells showed some
degree of sensitivity to Sil treatment, with the 640 nM treatment group showing ~ 1 log
reduction in viral replicationAccordingly, the Eggvalues varied dramatically across the
three different cell lines, with VerEGo=~500 nM, A549 E€=<40 nM, and MDCK
ECsc=~80nm (Fig 3.3A)The reason why the three different cell lines demonstrate such
variable responses to Sil treatment remains unknown.

Thesedata indicatd that treating infected cells with PatA universally reduced

virus production across all three cell lines tested. However, treating infected cells with Sil
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reduced virus production significantly in the A549 cell line, moderately in the MDCK

cell line, and ld little effect on virus production in the Vero cell line.

3.2.2 Siland PatA are Cytotoxic in Treated Cells

Both Sil and PatA are under investigation as candidatecanter agent€ancer
cells require high rates of translation to maintain cell cepibbn and are sensitive to
translation inhibition. | demonstrated that treatitig8infectedcancercells with Sil and
PatA significantly reduakvirus production. | utilizd transformed cell lines to perform
these experiments, which may &&peciallysersitive to translation inhibition.
Transformed cells rely on high translation rates to produce necessary cellular factors and
transcription factors such asMYC. | evaluated the potential cytotoxic effectsSil and
PatA because antivirals must be rmxytotoxic at effective concentrationisperformed an
alamarBlue assagn treated cello determine cell viability following Sil and PatA
treatment

| quantified cell viabilityof the three model cell lines the presence @&lF4A
inhibitorsusingtheel a mar Bl ueE assay, which quantifies
treated cells by measuring the conversion of resazurin to resorufin, which is a fluorescent
compound thatan bedetected by a spectrophotomef#nus thealamarBlue assay
guantifies celllar anaerobianetabolic activity which reflesthe overall viability of a
treatedcell populatiorwhen compared to an untreated populatiaerially dilutedSil
and PatAto similar concentrationgn Fig 3.2A and Fig 3.3APatA showed different
cytotoxicity profiles across the three different cell lin€ke A549 cell line showed the

highest cell viability after PatA treatment, whereas the MDCK cell line showed the
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lowest cell viability(Fig 3.2B) The 1Gso values of PatA in the three different cell lines
are as follows Vero 166=0.94 log10, A549 1€66=0.97 log10, and MDCK 16=0.42 log10
(Fig 3.3B).Treating infected cells with nM PatA showed minimal cytotoxiciip the

A549 cell linewhile impairingvirus productiorfrom the A549 cell lindy ~10 fold(Fig
3.2B). Sil also showed a high degree of variabiiitycell viability across théhree

different cell lines TheA549 cellline had the lowest degree of cell viability, whereas the
Vero cell line had almost no reduction in cell viabiliBig 3.3B) The 1G5 values of Sil

in the three different cell lines are as follows Veredt2.17 log10, A549 I6=1.1

log10, and MDCK IGo=1.41 log10 (Fig 3.3B)hese data indicated that treatidy

model cell lines with Sil and PatA reduce cell viability.

3.2.3 Siland PatA I mpair ed Viral Protein Synthesis
Both Sil and PatAnhibit the elF4A a helicase thas important for cap
dependent translation. Whether viral protein synthesis was sensitive to the elF4A
inhibitors had yet to be fully explored. To ascertain the effects of Sil and PatA treatment
on infected cells, | analyzed the accumulation of viralganst The three different cell
lines; MDCK, A549, and Vero cells, were infected with PR8 at a MOI ofd.tine hour
and treated with increasing levels of Sil and PlaA23 hours Total protein was
harvested at 24 hpi to allowe to analyze the accumtitan of viral proteins with a
western blatTreating infected cells with PatA reduced the accumulation of viral proteins
in a dosedependentelationshipequally across all three cell lines (Fig 3.2Te
reduction of viral protein synthesis strongly @atedwith the reduction in virion release

(Fig 3.2A). NP showed the highest degree of resistance to Sil and PatA treatment, while
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M1 and HAaccumulation waseduced at lower concentratiomslso probed focellular
actin, a loading control, which shodsome reductiom cells treated with higher
concentrations of PatA'he accumulation of viral proteins from $ieated cells varied
across the three different cell lingsg 3.3C) Vero cells, which showed almost no
impairment of viral replicatiofollowing Sil treatment, showed nmeductionof viral
proteinaccumulationBy contrast, A549 cells showed a dasgpendent inhibition of
viral protein synthesis that correlated well with impairment of viral replicaliceating

infected MDCK cells with Siteduced viral protein accumulation

3.2.4 SG Formation is Inversely Correlated with Viral Protein
Accumulation

The McCormick lab has previously demonstrateat treating IAV infected cells
with PatAcaused the formation &Gs (Khaperskyy et al., 2014Yo further understand
how elF4A inhibitors can trigger the formation of SGs and impair viral protein synthesis,
| treatedPR8infectal cells with Sil and PatA and quantified SG formatibineated
PR8&infected A549, Vero, and MDCK cells with 1:2 dilutions of Sil and PatAothed
for thecanonical SG markeérlAR. | probedinfected cellfor HA, M1, and NP(poly-
IAV antibody. Using these two stainsgquantiied SG formation anthe accumulation
of viral protens Treating PR8nfected cells witHPatA universally induced SGs in all
three cell lines, which directly correlated to the reduction of viral protein accumulation
(Fig 3.2D). SG formation arose in cells treatedtA at2.5 nM5 nM concentrations.
Treatinginfectedcells with Sil variably induced SG formation across the three different

cell lines. Treating infected cells with $dliled to induce SGormationin Vero cdls,
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whereasSil stronglyinduced SGs in A54%nd MDCKcell lines(Fig 3.3D) Sil and PatA
mediatedSG induction tightly correlated wittme inhibition of viral protein synthesis
across all three cell line$aken together, these dataicate that PatA egally impaired
the accumulation of viral proteins across all three cell typbih strongly correlated
with the formation of SGs. Treating infected cells with Sil reduced the accumulation of
viral proteins in A549 and MDCK cells. However, these datecatdi that Vero cells are
resistant to Sil mediated translation arrest and SG form&uth. Sil and PatA are
known to form SGs in the A549 cell line independent of infedtidraperskyy et al.,
2014, Slaine et al., 2021)usead theA549 cellline as myinfectionmodel due to its
sensitivity to both Sil and Patidr the remainder of this chapter

| investigated the primary amino acid sequence of elF4A across the three different
speciesrom which the cell lines originatefrom to determine the mechanism of
resistance in the Vero cell linkobtained and alignedd¢hamino acid sequence frdhre
human, canine, angteenmonkey genomel discovered that the sequences across the
three species af0% identical These datindicated that the molecular target of Sil is

unperturbed in Vero cells

3.25 Siland PatA  Treatment Induce d Apoptosis in Treated
Cells

My previous results indicated that Sil and PatA treatment reducedatality
but did not differentiate between the potential cytostatic or cytotoxic side effects.
Translation inhibition may slow down the celicle of the transformed cells or it may

cause cell death due to the dramatic reduction in the translation of essential host factors.
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Previous work demonstrates that translation inhibitors may induce apoptosis in
transformed cell§W.-L. Chen et al., 2016Y o further analyze potentidetrimentakide
effects of Sil and PatA treatmemhincubatedhe adherenA549 cellline with vehicle
control (DMSO) or Sil for 24 hograndcapturedorightfield imagego observe any
physiological changes in the cell monolageig 3.4A). The A549 cellmonolayelin the
vehicle control grouplisplayednormal cellulamorphologyand the monolayer was
unaffectedThe cells were equally s@é out and adherent to thell culturedish. The

cell monolayer in th&il treatmentvas no longer evéyndistributed,with numerous cells
detached from the disfithe cells that were attached to the dish did not show typical
morphology, with the cell memdéne retracting and a fading cytoplasm (B4A). To
further analyze thpotentialcytotoxic effectof Sil and PatA treatmeiin hostcells,
A549 cells were mock infected or infected with PR8 and treated with Sil and PatA for 10
and 16 hoursApoptosis can be observed by probing cellular lysate forABliP-ribose
polymerase (PARP) cleavage produasP?ARP is cleaved bactivatedcaspase and is
considered an indicator of apopto@ischolson et al., 1995Whole protein lysates were
harvested frontreated cells and probed for PARR its cleaved produddoth Sil and
PatA treatmentesulted inrPARP cleavage at 16 hours post treatment, independent of
infection (Fig3.4B). In agreement with previous resyli®ating infected cells witBil

and PatA significantly impaired the accumulation of NP and M1, with complete
reduction ofHA. Taken together, these data indickteat both Sil and PatA are cytotoxic
to both infected andoninfected cells antteatment witithese compounds resedtin

the induction of apoptosis.
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3.2.6 PatA Reduced Virus Production from Different Influenza
Viruses

My previous data demonstrated that PR8 is sensitive to translation inhibition, but
theantiviral efficacy of elF4A inhibitors across diverse influenza viruses readain
unknown. To confirm the paantiviral activity of translation inhibitors, | treated A549
cells that were infected with divers&Vs and quantified virus productiohinfected
A549 cells with three differeAVs; A/Udorn/1973 (H3N2) (Udorn),
A/Brisbane/57/2007 (H1N1) (Brisbane), and A/California/07/2009 (H1N1) (CAIO7).
treated infected cells with three different concentrations of Batdncentrations that did
not markedlyreduce cell viability, as previously demonstrateéim 3.2 Sil was not
used in this experiment because of its-epbimal therapeutic window demonstrated in
Fig 3.3 Udorn, another laldaptediirus, showed a dosdependent sensitivity to PatA
treatment Treating Udorrinfected cells with PatA reduced virus production Byf&d
at the 10 uM concentratidifrig 3.5A). Both Brisbane and CA/07 are not {abapted
viruses andheyclosely resemble viruses that circulate in the human population. Because
thesetwo viruses are not lab adapted, they didrepticate to high titers vitro,
preventingheaccurate quantification of virus productidmperformed only one
biological replicate on these two virusesagsesshe antiviral effectiveness of PatA.
Evenwith one biological replicatdreating infected cells with PatA demonstrated a clear
dosedependent antiviral response against Brisbane (Fig 3.5B) and CA/07 (Fig 3.5C).
These datandicate that Sil and Patéroadly inhibit IAVSs.

My previous results demstrated that treating infected cells with PatA and Sil

reduced the accumulation of viral proteins. To confirm this for the genetically diverse
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IAVs, | treated UdoranfectedA549 cells with Sil and harvested total protein at 0, 4, 8,
and 12 hpi. Protein Bates were probed for viral proteins NP, M1, and Nsghilar to

PR8, Udorn showed a high degree of sensitivity to Sil treatrii@etaccumulation of

viral proteins was abolished in Sil treated cells (Fig 3.6). Taken together, these data
demonstrate thatilSand PatA impair the accumulation of viral proteins and subsequently

block the production of infectious progemysensitive cell lines

3.2.7 PatA Inhibit ed Translation from the Nano Luc Reporter
Virus

CA/07 failed to replicate to high titers in A548lls meaningt wasdifficult to
ascertain the degree of antiviral effects of PatA on infected Teliswvestigatehe
antiviral effects of PatA on CA/07 infected cells, | infected A549 cells avit&porter
virus that harbours a Nanoluciferase (NanglLapen reading frame to directly quantify
the inhibitory effects of PatA on viral translation. This reporter virus was built with the
coding sequence for NanoLuc in the PA segment, NanoLuc is in the same reading frame
as PA The NanoLuc enzymis liberatel from the viral protein by a setfieavage
sequence from the porcine teschovirus (P2A), which allows direct quantification of viral
translationusing a Nanoluciferase asddg 3.7A). Performing a Nanoluciferase assay
on infected cells allows for the ditt quantification of viral translation rates. Treating
CA/O7-NanoLucinfected A549 cells with three different concentration®atA
demonstrated dosedependent reduction efral translation, as seen with a reduction in
luciferase activity(Fig 3.7B). These data further provide evidence that inhibiting elF4A

directly reduces viral translation.
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3.3 Discussion

IAV mRNA generally mimics that of host mRNA, allowing efficient translation
by host machinengince IAV mRNA closely resembles host mRNA, they are
susceptible to stressduced translation arrest. Previous work has demonstrated that 1AV
protein synthesis requires elF4A and elF4G for viral protein syntf¥é&igytez et al.,
2011) Here, | demonstrate that tegnthesis of viral proteinis highly sensitive to Sil
and PatAtreatmenin sensitive cell linesThedata collected in this chapter supports host
translation as an effective target to impaiusireplication. Here, | look to repurpoSd
and PatAas antiviralsagainst IAV replicationBoth Sil and PatA treatment reducedusgir
productionof our laboratoy adapted viru®R8, while Patfappeared toeduce viral
titers across genetically diverse strains, includinglaboratory adapted viruses. All
cellsinfected in this study showed equal sensitivity to PatA treatméncth correlated
strongly with asimilar dosedependent impairment of viral replicatid®G formation in
treated cellsvasinversely correlated withmpairedvirusprotein accumulatiorBy
contrast, Vero cells showed almost complete resistance against the translation inhibition
of Sil. Accordngly, Sil showed little antiviral effects on infected Vero cells.

In this chapter, | fully characterized the cytotoxic effects of Sil and PatA on both
infected and noiinfected cells. PatA showed variable cytotoxic profiles across the
different cell lines, but all cellexperienced some degree of cytotoxicity in respomse
PatA treatmentBy contrastVero cells showdalmost complete resistance to-Sil
mediated SG inductionyhich directly correlate with theinability of Sil to reduce virus

production from infected Vero cellsdemonstratethattreating cells with Siand PatA
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induced apoptosis in both infected and nimriected cellsBecause of the cytotoxicity of
both Sil and PatA, thdinical use of Sil and PatAs an antivirais unlikely.
Some mRNA contain aG-quadruplex and require elF4A iteducesecondary
RNA structure prior to translation. Recent work has predictedquadruplex formation
in several IAV mRNAsPredictedG-quadruplexsequencewere hypothesized to lwe
t he 50 otnR§jAsehaterecod®, NA, and HA(Brazda et al., 2021The
complexes are most conserved across HA and@iiid.authors of this study did not
specificallyanalyze APuertoRico/1934 (H1N1), so whether the laboratory adapted virus
contains the advanced RNA structures is unkndvne. authors found théhe predicted
G-quadruplersmayyvary significantly across different viral isolatdsh e 56 UTRs of
viral mRNAs are relatively short and comprised of divergent tuestved mRNA
segment s t h achp Theodivdrgericanof thelfiessD118 Bucleotidesnake
calculating the secondary structure of the
Further work was completed in the McCormick lab by Dr. Denys Khapeeskyy
Mariel Kleerdemonstradthattreating infected cells witBil and PatA reduckthe
replication of viral genomic RNAVRNA) (Slaine et al., 2017Blocking translation
prevented the accumulation of vipoteinsessential for switching the viral RARmpM
synthesizing viral mMRNA to synthesizing genomic R{8\aine et al., 2017PatA
irreversibly impairs elF4A, whereas Sil reversibly binds elF4A. Dr. Khaperskyy and |
observed that the removal of Sil led to the rapid dissolution o8& returredviral
protein synthesis. By contrast, Removing PatA from infected cellgedsualthe

persistence of SGs and the accompanied inhibition of viral protein syniiksie et al.,
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2017) The rapid formation of SGs in infected cells reliably indicated the disruption of
viral protein accumulatioandimpaired virus replication.

Thetransformedtellsused in this studglo not perfectly reflect thiganslation
environment within the human body. Transformed cell lines may show a higher degree of
sensitivity to elF4A inhibitors due to their high metabolic requirements and their
Aaddi ct i on 0Tobetter ascedanshe eytotoxie effectof these
compounds in clinically relevant settings, experimentation on primarytransformed,
cells would be necessary. PatA shows less effectiveness in cells that are not actively
dividing, giving evidence that primary cell lines may show a more faertherapeutic
window. Therefore, PatA and Sil may be more efficacious in the human lung, with
primary human cells potentially tolerating translation inhibitiarther research is
required to determintnereplication rate, and subsequently the sensitof IAV to
translation inhibition in primary cell lines.

During my investigation o8il and PatA as potential HTAsinfected cells withra
low MOI to allowfor the optimal analysis of a single round of replication. Infecting cells
with a higher MOI vould increase the viral load per cell, as well as increase the number
of defective interfering particles in the experiment. Bechasdy analyzed a single
round of replicationl cannot make any conclusions on the effectiveness of elF4A
inhibitors on muti-round replication of influenza. Presumably, PatA and Sil treatment
would show equal to or greater impairment of viral replication, due to the poisoning of
elF4A in cells that would be infected in the second round of replication. The cytotoxic
side effets of the compounds would also have to bevaluated at these longer time

points.Furthermore, | did not assay the antiviral properties of Sil or PatA in later time
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points during infection, it remains unknown whether Sil and PatA are antiviral during
esablished IAV infection.

Sil treatment showed a high degree of variability across the three different cell
lines, with infected Vero cells showing almost complete resistdimeating Vero cells
with high concentrations of Sil did notgger SGformation nor didtreatmengffect the
accumulation of viral proteinsnd the subsequent production of vidusbservedhat the
Vero cell line showdresistance to translational arrest following Sil treatmi@ndilico
analysis of elF4Al across the three diffiet species showed 100% amino acid homology.
This indicatel that the Vero cell lines resistance to Sil treatnveagnot due to a
difference in thalrugtarget, but likely a failuref thecompoundo be takerup by the
cell. Previous work has identifiethat Sil is targeted for efflux through Pgp and ABCB1
(Gupta et al., 2011Yhe action of the efflux pump reduces the efficacy of Sil
dramatically in the authors model cell line. The expresamhfunctiorof the Pgp and
ABCBLI efflux pumps remain unknown in the Vero cell line. daterminehe statusf
the two pumpsl would cotreat cells with the Pgp inhibitor verapamil ssubsequently
characterizing the cells sensitivity to Sil by analyzZ8@ formation and translation rates
of treated cells. The Pgp efflux pathway must be considered in futueeients as
potential resistance for antiviral therapies.

In this chapter, | demonstratéhe feasibility of targeting global translation as an
antiviral with a significant reduction in viral replication, but significant-téfrget
cytotoxicity. My data ndicata that disrupting viral protein synthesis potently blocks the
IAV replication cycle History has demonstratedn numerous occasiofthat direct

acting antivirals often select for antiviral resistartd€As may thwart the rise of antiviral
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resistage by impairing a host factaihatthe virusrelies uponProteomics and genetic
screens have demonstrated that IAV replication relies on thousands of host genes, some
of whichencode proteins that are known drug tar@dtsaton et al., 2017; B. Li et al.,

2020; Watanabe et al., 201Zhepotentialcytotoxic effects on bystander cells

represents Amitation of pharmacological inhibition of host factdrsa clinical setting is

the potentialcytotoxic effects on bystander cellGurrently, antivirals are delivered

orally, intravenously, othirough a nebulizan clinical settingsThese different modes of
administration affecbioavailability and tolerancéAs anexample, oseltamiviphosphate

is generally administered orally, since it must be metabolized into its active form,
oseltamivircaboxylate by t he p at cireulatioritosthe lungs. Since Sile f or e
and PatAare cytotoxic to uninfected cellthey wouldstill be toxic even if applied right

to the site of infectionBecause of these limitations, superior HTAs must be identified

with more favourable cytotoxic profiles.

91



CH3 OCH3

S 30
. | CH3 / K3
N e A e ey ~ o . pa—

P \~ \i \\T Sy S N , \ Vi OH _HO
H3C | { N 0 CH3 ‘ _ o—’ i N

) o= CcH3 ot o ST

/ N \ /e T\ ! | coocHs
H2N |1 | — 4 N

cH3 [ o N

0= *<O 7 CH3 | | |

Pateamine A Silvestrol

0OCH3

eukaryotic Initiation Factor
(elF) 4F complex

Figure 3.1: Bond line structures of the eukaryotic initiation factor 4A inhibitors
Pateamine A and Silvestrollllustrations completed by Patrick Slainenage was
created with BioRender.cam

92



Q2
A 1000000 B 2
K=
[ — Vero
100000 P S /=YL 0 e ",
— !H‘!. Vero ECy=~3 3 H
.§_ 10000 : AB49 ECg=~3 © A549 N : — MDCK
E MDCK ECyp=-3 - MDCK E Veml[jm:[) o4
o 1000 £ H
g 0.5 A5491C5=0.97 H
100 > MDCK ICg=0.42
104 3
1 10 100 Z 0.0 S
Concentration (nM) g 0 1 2
C PatA concentration (log10nm)
A549 Vero MDCK
PatA(nM): 0 125 25 5 10 20 PatA(nM): 0 125 25 5 10 20 PatA(nM): 0 125 25 5 10 20
:Hig -HA -HA
e ——— -NP — — — -NP
— — — -M1 PR —— -M1 —-—— -M1
S ————-2Ctin —— — e — —— -actin — — e w— e e -ACHIr
1 2 3 4 5 6 1 2 3 4 5 8 1 2 3 4 5 &
mock PRS (9 hpi) PRS (9 hpi)
D untreated untreated 1.25 2.5 5 10 20 - PatA (nM)
- .
- .
" . o

93

TIAR/IAV/hoechst



Figure 3.2: Dosedependent reduction of viral replication, cytotoxicity, and stress
granule formation from treatment with Pateamine A

A549, MDCK, and Vero cell lines were infected withPAlkertoRico/08/34 (H1IN1) at a

MOI of 0.1 for 1 hourThe virus was washed o#ind the indicated concentration of
pateamine A (PatA) was placed on the cells for 23 hours. Infectious progeny was
guantified using a plague assay (A). The dotted horizontal line indicates the average
PFU/mL produced by untreated cells. The three modElice$ are indicated with

colours: A549 with black, Vero with blue, and MDCK with red. The error bars denote
standard deviation of three biological replicates (N=3) (B) Cell viability of A549,

MDCK, and Vero cell linesveremeasured at the indicated contations of PatA using

an alamaBlue cytotoxicity assay. The relative fluorescent units are normalized to vehicle
control (DMSO). The dotted horizontal line indicates the relative fluorescence of
untreated cellsThesolid lines represent the averagehoke biological replicatgN=3)

that was transformed and analyzed through alime@ar regression analysiShe three

model cell lines are indicated with colours: A549 with black, Vero with blue, and MDCK
with red.The vertical doted lines denote thed@alues.(C) Indicated cells were infected
with PR8 at a MOI of 0.1 for 1 hour and treated with the indicated concentration of PatA
for 23 hpi. Viral protein (HA, NA, and M1) accumulation was analyzed from whole cell
lysates collected at 24 hpi by westétat. Cellular atin staining was used agoading
control. (D) A549, MDCK, and Vero cell lines were infected with PR8 and treated with
the indicated concentration of PatA. Stress granule formation and viral protein
accumulation were visualized using imnadluorescence microscopy at 9 hpi by probing
the indicated cell line with primary antibodies the stress granule marker TIAR (red), and
polyclonal antibody against HA, NA, and Mptoteinggreen). Hoechst dye (blue) stained
host nucleiThe sale bar on thbottom right indicates 100 purublished irSlaine et al.,
2017and was completed with Dr. Khaperskyy and Mariel Kleer.
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Figure 3.3: Dosedependent reduction of viral replication, cytotoxicity, and stress
granule formation from treatment with Silvestrol.

A549, MDCK, and Vero cell lines were infected withPAlkertoRico/08/34 (H1IN1) at a

MOI of 0.1 for 1 hourThe vrus was washed off and the indicated concentration of
silvestrol (Sil.) was placed on the cells for 23 hours. Infectious progesguantified

using a plaque assay (A). The dotted horizontal line indicates the average PFU/mL
produced by untreated cells. The three model cell lines are indicated with colours: A549
with black, Vero with blue, and MDCK with red@he vertical lines denothe EGo
values.The error bars denote standard deviation of three biological replicates (N=3) (B)
Cell viability of A549, MDCK, and Vero cell linewasmeasured at the indicated
concentrations of Sil. using an alamhre cytotoxicity assay. The relatifieiorescent

units are normalized to vehicle control (DMSO). The dotted horizontal line indicates the
relative fluorescence of untreated cells. béd lines represent the average of three
biological replicategN=3) that was transformed and analyzed tigio a noHinear
regression analysihe three model cell lines are indicated with colours: A549 with
black, Vero with blue, and MDCK with redhe vertical doted lines denote thedC
values(C) Indicated cells were infected with PR8 at a MOI of 0.11fbour and treated
with the indicated concentration of Sil. for 23 hpi. Viral protein (HA, NA, and M1)
accumulation was analyzed from whole cell lysates collected at 24 hpi by western blot.
Cellularactin staining was used atoading control. (D) A549MDCK, and Vero cell

lines were infected with PR8 and treated with the indicated concentration of Sil. Stress
granule formation and viral protein accumulation were visualized using
immunofluorescence microscopy at 9 hpi by probing the indicated cell lthegpvimary
antibodies the stress granule marker TIAR (red), and polyclonal antibody against viral
HA, NA, and M1proteins(green). Hoechst dye (blue) stained host nutle¢ sale bar

on the bottom right indicates 100 pRublished irSlaine et al., 201@nd was completed
with Dr. Khaperskyy and Mariel Kleer.
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Figure 3.4: Pateamine A and Silvestrol treatment cause cytotoxicity and induce
apoptosisin treated cells

(A) Representative phase contrast images of A549 cell monolayers treated with $ilvestro
(320 nM) or vehicle (DMSO) control for 23 h. Scale bars represent 100 um. (B) A549
cells were infected with ARuertoRico/08/34 at a MOI of 0.1. Cells were treated with
Silvestrol (Sil), Pateamine A (PatA), or vehicle control (DMSO) at 1 hpi. Totaliprote

was harvested at 10 and 16 hpi and analyzed by western blot. Lysate was probed for full
length PARP and its cleaved product (cleav. at ~89 kDa), HA, NP, anmutdidins

Cellular &tin was staineds aoading controlPublished irSlaine et al., 201@nd was
completed with Dr. Khaperskyy and Mariel Kleer.

97



A Udorn B Brisbane C CA/07

1000000y | * i 250000
] —x
= 10000 E 200000 =
E £ E
7 | 2 >
o 100004 2 150000 o
10004 100000 N ~
<
@@b 6&& "o‘“ Qoe &g,» qf?o
& W N &

&
Pateamine A Treatment Pateamine A Treatment Pateamine A Treatment

Figure 3.5: Pateamine A treatmentreduces Udorn replication and may reduce the
proliferation of different IAV subtypes across differentlAV subtypes

(A) A549 cells were infected with A/Udorn/{BI3N2) at a MOI of 0.1 and treated with

the indicated concentrations of PatA at 1hpi. Infectious viral progeny was enumerated at
24 hpi using a plaque assay. Error bars denote standard deviation of 3 biological
replicates (N=3). MDCK cells were infectedtiv(B) A/Brisbane/57/07 (H1IN1) and (C)
A/California/07/09 (HLN1) at a MOI of 0.1. Cells were treated with the indicated
concentration of PatA at 1 hpi. Infectious progeny was enumerated at 24 hpi using a
plaque assay. Both C and D represent a singlecegpl{N=1) Published irSlaine et al.,

2017
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Figure 3.6 Silvestrol treatment reduces accumulation of A/Udorn/72 (H3N2).

A549 cells were infected with A/Udorn/72 (H3N2) at a MOI 0.1 for 1 hour, cells were
then treated with silvestrol f@ and 12 hours. Total protein was harvested at 0, 4, 8, and
12 hpi. Accumulation of viral protein wasalyzedusing western blotting, staining for

viral NP, M1, and NS1Cellularactin staining was used asoading controlPublished

in Slaine et al.2017and was completed with Dr. Khaperskyy and Mariel Kleer.
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Figure 3.7: Pateamine A treatmentmay reduce thesynthesis of viral encoded
Nanoluciferase.

(A) Schematic drawing of the insertion of the Nanoluciferase downstream of the Porcine
Teschoviru A(P2A) selfcleavage sequence that is inserted downstream of the
polymerase acidic ORF. (B) Quantification of Nanoluciferase activity from A549 cells
infected with CA/OYNL at a MOI of 0.1. Cells were treated with the indicated
concentration of PatA atHpi and cells were harvested at 24 hpi for quantification of
fluorescence. Bars represent a single biological replicate (Nhis work was

completed by Patrick Slaine and not publishe8laine et al., 2017
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CHAPTER 4 : THE THIOPURINES 6 -TG AND 6 -TGo ACTIVATE AN
ANTIVIRAL UNFOLDED PROTEIN RESPONSE THAT BLOCKS

INFLUENZA A VIRUS GLYCOPROTEIN ACCUMULATION

4.1 Introduction

In Chapter 3 | demonstrated the antiviral properties of elF4A inhibitors against
IAV translation andeplication. Both Sil and PatA reduced the accumulation of all viral
proteins, which subsequently impairgdal genomeeplication. | also demonstrated the
cytotoxicity of elF4A inhibitors inAV infection modek, whichclearly limit the
potential implemetationof elF4A inhibitors asantivirals Chapter 3aid the groundwork
to identify a new HTA that impairs virugplication without cytotoxicityHere in
Chapter 4, | investigatithe 1AV glycoprotein synthesis artde UPR as a target for a
new HTA.

IAV encodes three integral membrane proteins that are synthesized in the ER:
HA, NA, and M2(Hull et al., 1988; Janda et al., 2010he proper synthesifolding,
modification, and oligomerizatioof thesethree proteinss required to suppothe
produdion of infectious progenyirions.

HA is a canonical type | transmembrane glycoprotaie all such
glycoproteins, synthesis is initiated fvae cytoplasmic ribosome$pllowed by
redirectionto the ERupon synthesis of theascensignal peptideThe signal peptide is
cleavedoff by the host protease signal peptidase, remawviadirst 16 (HA3) or17
(HA1) amino acids from the prote{Abdul Jabbar & Nayak, 1987Jhe cleavage of the
signal peptide occurs during the translation of the glycoprotein through the translocon.

The viral glycoproteimequires proper folding, finked glycosylation, disulfide bond
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formation, proteolytic cleavage, and trimerizationifsrproperfunction(Copeland et al.,
1988; Daniels et al., 2003; Gething et al., 1986; P. C. Roberts et al., 1993; Wilson et al.,
1981; Yewdell et al., 19B. HA is then transported to the Golgi complex, whiee N
linked oligosaccharidesrefurthermodified by residenglycosyltransferases and where
HA can be proteolytically cleaved by host proteabedi-lengthHA (referred to as HAO)
is proteolytically cleavedby the hostserineproteasef MPRSS2into HA1 and HA2a
step that is essentiidr HA maturation and functiofLimburg et al., 2019)Cleavage
liberates a stretch dfydrophobiaesiduesthe fusion peptide in AR, thatis responsible
for penetratinghe late endosond® membranef the future hostHAl contains the RBD
that has affinityto hostU-2,6 andJ-2,3 sialic acid linkagesyhich initiates recepter
mediated endocytos(8ertram et al., 2010; Gaymard et al., 2016)

NA is a type Il transmembrane proteandlike HA, requiresproper folding, N
linked glycosylation, disulfide bonds, and tetramerization fogntgsymaticfunction. The
signal peptide is not cleaved off but is imbedded into the ER membrane -{EnmiNus
of type | transmembrane glycoproteins ighe ER lumen, while the-@&rminus is in the
cytosol. Type Il glycoproteins have the opposite orientation, with ttexiNinus in the
cytosol while the @erminus is in the ER lumdiifogue & Nayak, 1994NA is an
enzyme with sialidase activity that remeterminalsialic acid on glycoproteins,
including HA and NA moleculegosik & Yewdell, 2019) NA itself contains four
known Ninked glycosylation sites. These glycosylations are esséatialA
oligomerization, stability, and functiqiBao et al., 2021NA is transported through the
Golgi complex to the plasma membrane wheig lackaged intbudding progeny

virions (Bao et al., 2021; Hogue & Nayak, 1992; Saito gtl895) Oseltamivir
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phosphate (TamiFRY) is administered orally and is metabolised into the active
metabolite Oseltamivir carboxylaterhichmimics sialic acid and antagonigée
sialidase domain of NAmpairingsialidase activity preveathe pror trimming of
sialic acidfrom HA and host glycoproteinsesuling in the aggregation ofirions that
fail to escape from the infected cell surféeleneghan et al., 2016)

M2 is theviroporin respondile for the acidification othevirion interior during
entryin the late endosomevhich dissociates M1 from the VRNP compl&ke viroporin
is a pHregulated selective proton channdR is found on the splicethRNA from
segment andis the smallest of the canonical proteemeodedy IAV . Segment 7
produces3 transcripts, the first is unspliced and encodesadthe second is a spliced
MRNA that encodes M2. The-irminal 9 amino acids are identical across M1 and M2,
with the reading frame changing after the splice $ite mMRNA encoding M2 is not
spliced until late time points during infecti@dlanzoor et al., 2017; Shih et al., 1995)
The thirdmRNA is also spliced and does not encode an @RFhas little effect on viral
replication(Chiang et al., 2008 M2 is modified postranslationally withntermolecular
disulfide bonds, palmitoylation, and phosphorylatigl2 is involved in bottviral entry
and egresslhe disociation of M1 from VRNPs is essential for the migration of the
VRNPs to the nucleu®uring egressV2 deprotonates the trai@olgi network,
preventing HA activation, and is responsible forghission of the viral envelope from
the host membran®anzoor et al., 2017; Schnell & Chou, 200Bg¢trameric M2 is the
molecular target of the direeicting antiviral amantadine, which shows a high degree of
antiviral activity against sensitive isolatd$e inside of the channel is lined by residues

27, 30, 31, 34, 37, and 41. Amantadine specifically binds to residues Val3D, Skr
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31, andGly 34in the ion channel of MResistance to amantadiisegenerated by
substitutingthese amino acids. Amantadieeters the viroporins ion channel drdcks
the translocation of proton iomgross the virus membratidanzoor et al., 2017Yhe
laboratoryadaptedsirus A/Puerto Rico/08/34 (H1N1) (PRB)resistat to amantadindn
this chapter, | generated a PR8 that is amantas@msitive (PR&mantS)usingthe 8
plasmid recombinant systeff. Hoffmann et al., 2000)

HA, NA, and M2are required to build infectious viral progeny, and these proteins
requirethe host ER for proper synthesis and maturation throughtaostiational
modification.The secretory pathway originates in the ER, being the site for protein
synthesis, initiating glycosylation, oligomerization, disulfide bond formation, sorting, and
subsequent delivery to the targeted orgar(@thwarz & Blower, 2016)The ER must
maintain homeostasis while serving these cellular functibms.accumulation of
unfolded proteins results induces ER stréb® responst ER stresshatgoverns
protein synthesigsatesand folding capacity is called the UPR. The ttsensors thadre
activated duringhe UPRare IRE1, PERK, and ATF6. All three arms are controlled by
the luminal chaperone BiPobre et al., 2019BiP detectaunfolded protein®y binding
to exposedhydrophobic domainf_ewy et al., 2017)If ER stress cannot be resolved, the
persistent UPR signalirdjrectsthecell to theapoptdic cascad¢ B6c hi r et al

IREL1 is the first sensor in the UPRRE1 has endoribonuclease and kinase
domains BiP maintainsiRE1 in monomeric form until BiP is sequestered away by
unfolded proteins, releasing IRE1 and allowing it to dimerize. |&Eklization
promotes transautophosphorylatigrwhich increases ATP binding and subsequent

activationof the endonuclease domdiree et al., 2008; Ron & Hubbard, 2008ktive
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IRE1 cleavesdwo sequences found in stdoop structure®n XBP1, which removes 26
base pairs. The cleavedP1mRNA is ligated by the tRNA ligase RctB to creXBP1s
MRNA (Calfon et al., 2002)ThetRNA ligase RctB is responsible for reforming the
phosphodiestdmkagein the mRNA backbone, resulting in a shift in the reading frame
subsequently changing all downstream amino gdidikin et al., 2014; Y. Lu et al.,
2014) The splicednRNA encodes foXKBP1s thathas donger Gterminus thatontains
an activation domain for a bZIP transcription factor. XBBisegulates proteins
involved in ER associated degradation (ERAD), cellular chaperones involved in protein
folding (BiP), and lipid biosynthes{€ox et al., 1993; Cox & Walter, 199@ctivated
IRE1 alsoreduces the translation burden of thelRup to 15% through RIDD mediated
degradtion ofa subset of MRNAs that contain a single secondary RNA-lstem
structure(Hollien et al., 2009)Targeted mMRNAs areleavedanddegradd by the
exonucleaseili n t h ediréction IRE1 agivation has also been shown to
activate inflammatory responses by recruiting TNF recegesociated factor 2 (TRAF2)
through its kinase activityyhich in turnactivates the NdkB pathway to increase
expression of IL6 (KeestraGounder et al., 2016)

Among the UPR sensor proteif®ERK is the sentinel kinase that regulajkebal
translation througthe ISR(PakosZebrucka et al., 2016%imilar to IRE1, PERK is held
as a monomer by the chaperone BIP until it is liberayetthé accumulation of unfolded
proteins(Lewy et al., 2017)PERK then dimerizes and traasbphosphorylatesvhich
enables the kinase domainpioosphorylate th&subunit ofelF2, which induces ISR
signaling(Cui et al., 2011; Haling et al., 1999; Krishnamoorthy et al., 20@1) F 2 U

phosphorylation reduces the recyclingetF22GDP toelF2-GTPin the TC Therefore
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PERK activation reduces global translation. phesphorylation of elR2selectively
promotes the translation dDRFs, which contain proteins that are involved in stress
responses, such as activating transcription factor 4 (ATF4). Similar to XBP1s, ATF4 is a
bZIP transcription factor that specificatiyansactivategenesdownstream of C/EBP
ATF Response ElemeCARES) that arenvolved in amino acid biosynthesis,
antioxidantresponses, and autophagB 6 ¢ hi r eATF4alko.upreg@ades GHOP,
which in tun upregulates prapoptotic factors such as BAyadomari & Mori, 2004)
The ISR utilizes a phosphatase to resolve translation inhibition if the stress is resolved.
ATF4 upregulate€§sADD34, which is a cofactor that recruits PP1dephosphorylate
Ser51 on elRA If the cell fails to alleviate stregsersistenPERK activation will
eventually result in the induction of apoptosis through the accumulation of BAX and
BAD proteins(Oyadomari & Mori, 2004)

The lastsensorof the UPR is ATF6whichis also bound in its inactive state by
BiP andis releasedollowing dissociationof BiP. Once liberated, ATF6 is transported to
the cisGolgi by COP Il vesicles whereig cleaved by S1AndS2P(Ye et al., 200Q)
Thisreleases the fterminal fragment of ATF6, allowing its NLS to recruit the fragment
to the nucleus where it functions as a bZIP transcription factor upreguthtipgrones,
proteins involved in lipid synthesis, and XBProshida et al., 2001 he liberation of
the bZIP transcription factor through proteolytic cleavage is kreswegulated
intramolecular proteolysig.he three arms of the UPR work together to alleviate ER
stressors and return the ER to homeos{&@shida et al., 2000KBP1s can form homo
or heterodimers with ATF8I to upregulate ERARssociatedienegdNewman &

Keating, 2003)XBP1s and ATF&N expresggenes downstream tie ERSE. Proteins
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upregulated from the ERSE increase the size of the ER|diag capacityand
degradation capacifyy amamoto et al., 2004)

Several compoundare commonly usetb analyzethe UPRby inhibiting keyER
enzymesThe first isthapsigarginTg), whichinhibits the sarco/endoplasmic reticulum
Ca&* ATPase (SERCA) pumpherebydepleing lumenal C&* levels andriggeiing the
UPR (Sehgal et al., 2017Reducing theCa* content reduceBR folding capacity, as
C&* can bind directly to proteins to aid in their foldiiGoulding et al., 2020Reduced
C&* also affects the functionality of the ER resident chaperone BiP by modulating its
ATPase cyclingandalteling BiP-substrate stabilityPreissler eal., 2020) The
expression of SERCARNA is upregulated during the UPR, indicating its role in
maintainingCa’* homeostasis during ER stré€aspersen et al., 2000he bacterial
toxin tunicamycin (TM)inhibits asparagindinked glycosylation7 (ALG7), an enzyme
that add thefirst GICNAc in N-linked glycosylation(Yamamoto & Ichikawa, 2019)
Inhibiting ALG7 globally inhibitsN-linked glycosylation thereby disrupting protein
folding and functionUnglycosylategroteins are unable to be transported to their
targeted organelle therefamecumulaing in the ER lumerand activate the UPR

Other compounds have been shown to modulate thebyRRificially
alleviating ER stress or blocking signal transductiephdnylbutyric acid (4°BA) is
usedto increase the folding capacity of the ER lumen by masking hydropbotfaces
commonly exposed amnfolded proteins.4BA has been used to blunREtress
responses and is being investigated as a thera@atint forprotein aggregation
disorders such as urea cycle disor@alb et al., 2015)ISRIB is another compound that

directly binds to the GEF elF2Bromoting he recycling ofGDP to GTP even if elR2is



phosphorylategAnand & Walter, 2020)Therefore, ISRIB treatment alliates any
translation repression caused by BB. Further work has shown that the presence of
phosphorylated elf2enhances ISRIB binding to elF2®iythering the inhibition of the
ISR (Zyryanova et al., 2021)

Previous studiedemonstratetimited ER stress fronAV infection.

Interestindy, IRE1 has been shown to be activated, while ATF6 and PERK show no
activation during infection. Furthermore, chemical inhibition of the IRE1 arm of the UPR
impaired viral replicatiorfHassan et al., 2012, p..Dverexpression of HA induced ER
stress andkd to itsdegradatiorvia ERAD (Frabutt et al., 2018Bao and coauthors
demonstrated that the proper folding and oligomerization of NA requires successful N
linked glycosylation. They demonstrdtetsubstituting asparagine residues that were N
link glycosylated withalaninein NA induced the UPRBao et al., 2021)

TheUPRhas been targeted in previous studiedfdAs. Previous studies have
targeted the ER to create an antiviral environntiesiteffectively impaiis coronaviruses,
respiratory syngtial virus, influenza virus, Newcastle disease viiNBV), and Peste des
petits ruminants virugAl-Beltagi et al., 2021; Goulding et al., 2020; Kumar et al., 2019)
TreatinglAV infected mice wittsubtoxic concentrations of Tgnpairedvirus
replication and demonstrated protective effdcierestingly, Kumar and coauthors
discovered resistance to Tg treatment after passaging NDV 70 times dethalidose.

Tg was found to block NDV entry, and the subsequent resistant ongatere found
within the fusion proteirfKumar et al., 2019)0ne of the original hypothesof
developing a HTA is that the evolutionary barrier to resistance would beyteat for

the virus to overcome.
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Viral mMRNAs arealmost identical to host MRNA$heymay besensitive to host
translation arresiThe ISR carblock capdependent translatiomhich can lead to the
formation of SGsThese aggregates recruit nucleating proteins, such as G3BP1, that help
assemble theMRNP complex(McCormick & Khaperskyy, 20175Gs are likel
detrimental to viral replication. Numerous viruses dedicate precious coding capacity to
thwart the formation of SGs, including IAlGao et al., 2021)AV dedicates three of its
proteins to prevent the formation of SGs during infec{iimaperskyy et al., 2014)
These proteins ar&lS1-thatblocksPKR activation and subsequently prevents the
phosphorylation of elR2 NP-thatprevents the agggation of SGs independent ibie
ISR, andPA-X-which degrades RNA transcripts synthesized by RNA Polymerasel ||
therebyredu@sthe pool of available host mMRNAKhaperskyy et al., 2012, 2018Gs
can be induced independent of the ISR with hyperosmoticsirespharmacological
inhibition of elF4A. As previously describea Chapter 3elF4A inhibitors displagd
antiviral properties against all influenza viruses testedalsotdemonstratea high
degree of cytotoxicitySlaine et al., 2017)

Dr. Denys Khaperskyy performed a small molecuteeae in collaboration with
Dr. Michel Roberge at the University of British Columbia to identify and repurpose
compounds as HTAs against IAV replication. Dr. Khaperskyy screened for small
molecules thaspecificallyinduce SGs in infected cellde createdan A549 cell line that
constitutively expressed the SGnstituenprotein G3BP1 fused with EGFP to visualize
the formation of SGs. G3BPEGFP expressing cells were then infected with Udorn
(H3N2), treatedn parallelwith over 50, 000 small molecules ainthged using a

Cellomics Arrayscamstrumento rapidly image and quantify EGFP foci. Using this



technology, Dr. Khaperskyigentified 12 compounds that showed some degree of
selective SG induction in infected cellghe induction of SGs in infected celilsely
impairs viral replication, as viral mMRNAs are likely sequesteredpatehtialinduction

of innate pathwayslwo of the identified compoundserealmost identical to each other.
The two compoundarefrom the same family of thiopurinesitioguanne (6 TG) and
6-thioguanosine (@ Go), and only differ by a ribose sugar grouf.®&o contains both
thenitrogenous base and thearbon ribose sugar required to make it a nucleoside,
while 6-TG is just the nitrogenous base (FigdteA). 6-TG is an FDAapproved drug
used to treat inflammatory bowel disease (IBD) and leukdbmigKhaperskyy
discovered that-d G and 6TGo treatment of infected cells induced SGs in the minority
of cells, with roughly 510% showing G3BREGFP foci(Slaine et al., 2021)hese
EGFRG3BPL1 foci were confirmed to be SGs that harlmther SG markers such as=3
and TIAR.

Thiopurines have been used since 1953 to tngalogenouseukemia and their
safety profiles havebeen well establishg@urchenal et al., 1953pther members of the
thiopurine familythatare used in clinical settingseazathioprine (AZA) and-6
mercaptopurine @/P). Thiopurinesare metholised byubiquitously expresseckllular
enzymesnto their active metabolitestBioguaninenucleotides (6TGN). 6 TGN refers
to 6-Thioguanosine mono, di, and triphosphates that mimic guanosine mono, di, and
triphosphatesespectively6-TG is directly metabolised to 6GN by cellular
hypoxanthine guanine phosphoribosyl transferase (HGR®RErea-MP and AZA
require several steps to becom&BN. 6-TG has a serum halife of 20-60 minutes,

whereas$-TGN hasa halflife of up to 5 dys(Derijks et al., 2006)Metabolic tracing of
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radiolabelled 6T G indicatel that6-TG is rapidly excreted in the urine, while the
remaining drugs circulated systemically before accumulating in the small intestine and
spleen(Moore & LePAGE, 1958)The side effects of prolong€dTG treatmentre
hepatotoxiity and mild immune suppression. SpecificallyT® therapiesan result in
nodular regenerative hyperplasigthe liver.At higher doses,-4G caninduce
hypoplasia of the bone marrow, oral lesions, gastric intestinabymptoms Thiopurine
tolerance is variable acrosalividualsdue topolymorphismgound in the metabolic and
excretion pathwa{Burchenal et al., 1953; R. L. Roberts et al., 208Y G canalso
impairimmune cell activation and proliferation, resulting in immune suppressioG.
causes this suppressiontinding and blocking the action tife GTPas®asrelated C3
botulinum toxinsubstrate IRac) (Yin et al., 2018)Rac1l is a member of the Ras
superfamily of Rho GTPases. GTP bound Racl interacts with numerous cellular
processes such as actin organization, gene transcription, and cell miiiai@an&
Ridley, 2016) Impairing Racl in leukocytes prevents their activatind proliferation
which is beneficial during the treatment f&8D. At higher concentrations6-TGN are
incorporated into DNA and RNAsanalogs to guanosirand can cause substitution
mutations 6-TGNs may also block amido phosphoribosyltransferasegpting de novo
purine synthesiéShi et al., 1998)Despitethese effects,-8 G isgenerallywell-tolerated
in patients(Bayoumy efal., 2020)

In this chapterl characterizd the efficacy of the twehiopuriness-TG and 6
TGo as antivirals against IAVThe work in this chapter is published in the peer reviewed
journal AJour nal of Virol ogyoonaverel s o0 me

performed by other members of the McCormick(8laine et al., 2021 he work
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completed by my cauthordgs explored in the discussiaf this chapterl determinel
theantiviral propertie®f 6-TG and 6TGo against different IAV subtypekdiscoveed
that treating infected cells with BG or 6 TGo dramatically impagdthe accumulation
of viral glycoproteinsyhereasnostcytoplasmic proteins are unperturbed. The origin of
the glycoprotein impairment is the activation of the unfolded protein respairsieeif|
characterizd the hostell respons to thiopurine treatmentshowedfor the firsttime,
that6-TG and 6TGo, but nothe structurally similar thiopurin@MP, inducel the UPR
Theinduction of the UPRmpairedthe synthesis of viral glycoproteins HA and Nahd
thatthe activation of the UPRubsequentlyeducel virus productionFurthermore, | was
able topartially restore viral glycoprotein accumulation, but not viral replicatimough
chemical and genetic manipulatiohthe PERK pathwayHowever,intraperitoneh
injection with6-TG did not provide protection agairestethal dose of mouse adapted
CA/07 (CA/OEMA) in a murine infectioimodelbut did modulate the immune cell

infiltrate and cytokine response.

4.2 Results
421 6-TGand6 -TGo are Cyto static

Dr. Khaperskyy identified the thiopurinesi& and 6TGo as candidate HTAs
against IAV infection. 6I'G is the nucleobasaalogof guanine, while €fGo is the
nucleoside analog of guanosine (Bi@A). | investigated any potentiakegativeeffects
of 6-TG, 6-TGo, and the nucleobasel&orouracil (5FU) on theA549 human lung
adenocarcinomeell line commonly used for IAV infections (Fig 4.1B} TG is an

antimetabolite agent that is known to be cytostaticansformed cell§Rajendran et al.,
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2020) Dr. Khaperskyy demonstrated that SGs form in cellstée with 2 uM, 10 uM,
and 30 uM concentrations of BG. | wanted to further elucidate the potential cytotoxic
effects of 6TG on treated cells at these concentratibgsantifiedA549 cell viability in
the presence of drugssing thealamarBlue assay, which quantifies the aerobic
metabolism of théreatedcells by measuring theonversion of resazurin tesorufin,
which isafluorescentompoundhatcan bedetected by a spectrophotomeidnus the
alamarBlue assay quantifiegllular metabolic activity which could reflect the overall
viability of a cell populationA549 cells were treated with the indicated compound for 20
hours, beforelamarBlue was added to the mediadincubatel for an additional3 hours
before fluorescence wasiantified 6-TGo showed thé&argest reduction in cell viability
with treatedcells showing 70%ell viability at 25 uM (Fig 4.1B).Cell viability of

treated A549 cells witB-TGo plateaued at 70% viabilifpom 2.5 uM to the highest
concentration (4QM). The cell viability of A549s treated with-6G closelymirrored
cells treated with-@Go, with treated cells alg@ateaung at 70% up to the highest
concentrationsb-FU, another nucleobase analsgowed minimal cytotoxicityith a
maximum of 10% redktion in cell viabilityat the highest concentration of gM. To
determinewvhether 6TG and 6TGo treatmenéarecytotoxic or cytostatic, taptured
brightfield images of an A549 cell monolayer treated for 23 hours Wit §10uM) or
vehiclecontrol (DM SO). Cells showed nemarkable visualifferences between vehicle
control and 6TG, with cells fromboth treatment groupsdherento the dish antboth
groupslacked cells that displayed atypical morpholgBig 4.1C) To further analyze
potential apoptat effects on the cell line, | harvested total protein from treated cells and

probed lysates for PARP and its cleaved prode&RPis atarget of caspasactivity.
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Accordingly, the identification of PARBleavageroducts indicatesaspase activitgnd
therefore induction athe apoptotic cascad€asao et al., 2015)used the elF4A
inhibitor Sil as a positive control, as | had previously shown that Sil treatment shduce
apoptosisn Chapter JSlaine et al., 2017)A549 cells were treated with the indicated
compound for 23 hours before harvestorgtein sample<Cells treateavith the
thiopurines 6TG, 6 TGo, and 6MP showed minimal PARP cleavageheread®ARP

was cleaved in cells treated witil (Fig 4.1D). These datagree with the literature that
6-TG and 6TGo treatment reduce cell proliferation throughir antimetabolite activity
which results in &ytostatic effec{Fulda et al., 1995; Rajendran et al., 2020gatment
with these compounds for this length of time at these concentrations did not cause overt
cytotoxicity, with no implicatiorthattreated cellsindewentapoptosisUsing these data,
| continled my studies using eithen®1 or 10uM as thetreatment concentratiorfigr

theremainder of the study

4.2.2 Treating Infected Cells with 6-TGand 6 -TGo | mpair ed
Vir us Production

The thiopurinesnduced SG#n infected cells, but thepotentialantiviral effects
remained unknown. Herétestedthe antiviral properties of the two thiopurinést G
and 6 TGo againstgenetically diversenfluenza virusen vitro. | infected the model
A549 cell linewith PR8 AmantS(Fig4.2A), CA/07 (Fig 4.2B), andJdorn (Fig 4.2C)for
1 hourand treated themwith 6-TG and 6TGo for 23 hoursefore harvestingell
supernatastto quantify virus production used twaosub-cytotoxicconcentrations fothe

candidate antivira]2 uM and 10uM. As a control,nfected cdbs were also treated with
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the known UPRndudng drugTM andthe heterocyclic base analog-%l. Cells infected
with Udorn were also treated withe structurally similathiopurine 6MP. Treatment
with TM inhibited virus production of all three IAY®vith the laboratory adaptedruses
PR8AmantSand Udorn showing the most sensitivity to TM treatmBwgtcontrast, 5-U
and 6MP hal no effect on virugproduction All tested viruses showed a dedependent
reduction in virus production following treatment BTG and 6TGo. PR8 AmantS
showedthe highest sensitivity t6-TG and 6TGo out of the viruses testefireatment of
PR8AmantSinfected cellsvith 2 uM 6-TG reducedvirion production byrougHy 10-
fold, wherea® uM 6-TGo reducedirion production byroughly 100-fold. Furthermore,
PR8AmantS infected cells treated wit) uM 6-TG or 6 TGo furtherreduced viral
replication impairing viral production byoughly500-fold for each treatment (Fi¢.2A).
Similar to my results in Chapter @GA/07 did not replicate to high titers Ab49 cells,
possibly becaus€A/07 is notcell-cultureadaptedTreating CA/07 infected cells with-6
TG did not significantly impair virus productiohO uM treatment with6-TG and 6TGo
did reduce viral titers by ~10 folekherea uM 6-TG and 6TGo reduced viral
production by ~4 fold and ~9 fold respectivéiirg 4.2B). The replication ofJdorn was
not significantly affected by @M 6-TG treatmentbut 2uM 6-TGo showed-6-fold
reduction of viral titer. Both 1AM treatment with 6TG and 6TGo reduced viral
production by ~&old and ~1%fold respectivelylnterestingly, treating Udorn infected
cells withthe structurally similar thiopurine-BIP had no effect owmiral replication (Fig
4.2C). These data indicate that tbkted influenza viruseshare some degree of

sensitivity to 6TG and 6TGo treatment, with PR8mantSbeing the most sensitive.
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These data also indicate that the nucleobas¥ and the structurally simildhiopurine
6-MP haveminimal antiviral effects against 1AV.

To further characterize the antiviral properties -af®, | analyzedCA/07 and
PR8AmantSproliferation overa single round of replication infected MDCK cells with
CA/07 (Fig 4.3A) and PR8AmantS(Fig 4.3B) and quantified/irus productiorevery 4
hours posinfection (hpi) Infected cells were treated with vehicle control (DMSO), Sil,
thenucleoside analog ribavirioy 6-TG. MDCK cells supported CA/07 virus infection to
a higher degree thahe A549 cell line modeRelease of viral progeny was first
observed at 8 hpi and continued until the 24 hpi time pRib&virin is another purine
analog and is a known antiviral against IAV infection and serves as a positive control as a
nucleoside ativiral in this experiment. Ribavirin treatment significantly impaired both
CA/07 and PR&mantS replication in MDCK cells[reatingCA/07 and PR&mantS
infected cells with 6TG reduced vius productiorby roughly 16fold at all time points
beyond 4 hpiThe replication of CA/07 and PR8mantS in MDCKcellsshowed less
sensitivity to Sil treahentcompared to @G, with Sil treatment reducing virus
production by 24-fold. Interestingly, both viruses generally showed equal sensitivity to
each antiviral. Fdhermore, the fold reduction in virus production was consistent across
time points for each candidate antiviral.

To further characterize the dose dependent antiviral propertie$ Gf@ PR8
AmantS replication, | tested a gradient of different concentrationsI@ 6n infected
cells.| treatedPR8AmantSinfected cells with 1:Zold serial dilutions to quantify the
antiviral effects o6-TG (Fig 4.3C). Dosesof 6-TG ranged betweeb uM and 0.3125

HM. Cells were infected at an MOI of 0.1 for 1 hour and treated with the indicated
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concentration of @G for 23 hours before quantifying virus production using a plaque
assy. Infected cellgreatedwith 1.25 uM 6 TG showed~50%reduction in vius
replication whereas infected cells treated witlp8l 6-TG produced~40-fold less virus
compared to thantreated grouplhese data show a dedependenantiviral response&
6-TG treatmentwith a mean inhibitory concentration 50 valuesg)@oughly equahg to
1.25UM.

Previously, | demonstrated that the structurally similar thiopuritdéhad no
effect on Udorn replication. | reconfirmed this with RR&antS in A549 cells. |
infected A549 cells at an MOI of 0.1 for an hour and incubated the cells with the
thiopurines 6r 23 hours before quantifying virus production using a plaque assay. | used
TM as a positive HTA controLike Udorn, 6MP did not impair PR&AmantS
replication,whereass-TG reduced viral titer by150-fold (Fig 4.3D).

Moving forward, | focusdmy investigation on PR&mantS as myavouredlAV
infectionmodelin mostexperiments in this Chaptéar four reasonsThe first reason is
thatPR8AmantS gew to high titers in all model cell lines tested, enabling accurate and
statistically significant analysiof candidate antiviral§.he high titers of PR&mantS
enables consistent measurements across different variables, allowing me to confidently
make conclusionaboutvirus production. The second reasoPR8AmantS harbours
sensitivity to botttlinically available classes of antiviradsd the virus isighly lab
adaptedPR8Amants is the safest virus | could handle in laboratory settings. The third
reason ighat the study of PR8 is facilitated by an abundan@abbodies, primers, and
expressiorsystemsThe fourth reason is thhhave the recombinant system for PRS,

giving me the opportunity to generate mutant viruses



4236 -TG And 6 -TGo Treatment Impair ed the Accumulation of
Viral Glycoproteins

To further analyze the antiviral effects 6ff& and 6TGo, | characterized viral
protein accumulation after treating infected cells. | infected A549 cellsRRBAmMantS
at anMOI of 0.1 for one hour and treated cells with the two thiopurin€é&and 6TGo,
along with the nucleobaseFJ for 23 hous prior to harvesting total protein. | used TM
as a positive control. Treating infected cells with Tivpairedthe glycosylation of
glycoproteinsincludingviral glycoproteinsLysates from infected cells were probed for
HA, NP, NA, PA, M1, and NS1, witbellularactin as a loading contr@Fig 4.4).
Analysis of viral proteins showed thafl& and 6TGo specifically reduced viral
glycoproteinaccumulationAnalysisalsoreveaédthat treatment generated viral
glycoproteinswith greaterelectrophoretienobility. Both HA and NA receive post
translational modificationms the ER, allowing for their proper folding and maturation.
Importartly, HA and NAareN-linked glycosylaed whichincreases the molecular
weight of the target proteiny up to 2.5 kDa pemodification Both NA and HAare
modifiedby intra- and intemoleculardisulfide bonds, but theseerereduced by the
addition of DTT duringsample preparatioMeanwhile the accumulation diiP, PA, and
NS1 showed almost no difference between the trewatisnwith M1 showing eild
reduction in protein accumulation with thiopurine treatmiift, PA, M1, and NSare
synthesized independent of the ER on tr@plasmiaibosomesThus,the effects of 6
TG on viral protein synthesappear to be largehgstricted to viral glycoproteins in the

ER. | alsotreated infected cells with the-INnked glycosylation inhibitor TM, which
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prevents thelevelopment of oligosaccharides in the &Rpositive control to induce the
UPR TM treatment similarly impaired theccumulation of the mature viral glycoprotein
species only seen with BG and 6TGo treatmentTM also had little effect on
cytoplasmic viral proteinslhe nucleobase analogFJ had no effect on viragdrotein
accumulationTaken together, these data icattie that 6TG and 6TGo treatment
specifically impair viral glycoprotein synthesis and maturatfstordingly, |
investigated the effects of BG and 6TGo on the ER and the UPR to elucidate

mechanism of action of the tvamtiviral thiopurines.

4246 -TG And 6 -TGo Treatment Induce d the UPR in Treated
Cells

To further understand the effects eT& and 6TGoin my infectionmodel, |
treated uninfected cells with an array of different nucleobase and nucleoside analogs to
ascertain the effectsf 6-TG and 6TGoon the ER. | previously demonstrated that
treating infected cells with-8G and 6TGo dramatically impaired viral glycoprotein
accumulationFurthermore, viral glycoproteirisom 6-TG treated cells had a higher
electrophoretic mobilitylnterestinglytreating infected cells with the-hhked
glycosylation inhibitor TM reduced the accumulation of viral glycoprotairs
dramatically reduced virus productionM treatment is known to induce the UPR by
directly increasing the amount of urdeld proteisin the ER.Glycoproteins require
glycosylation for their proper folding, sorting, aexlport soimpairing N-linked
glycosylation leads to the accumulation of unglycosylaredunfolded proteins in the

ER lumenLike TM, 6-TG and 6TGo treatnent reduced the molecular weight and the



abundance of viral glycoproteins in comparison to untreated cells. This similarity
between treatmengiggests that these thiopurinesgpair glycoprotein synthesighus,|
investigated thetatusof the UPRin 6-TG and 6 TGo treated cells independent of
infection to determingvhether the thiopurines affextthe ER | treatedA549 cells with
2 UM and 10uM 6-TG, 6TGo, 6MP, 5FU, and ribavirinfor 6 hours before harvesting
total protein | also treated cells withM as apositive control for UPR inductiod.M
treatmentausedictivation of the three UP&ensomproteins PERK, IRE1, and ATF6,
along with the accumulation of URRducedproteinsBiP, CHOP, and XBP1s (Fig
45A). 6-TG and 6TGo alsoactivated all three arms of the UPR, as seen with the
activation of the sensors PERK, IRE1, a&F6; and again, the accumulation of BiP,
CHOP, and XBP1®iP has more than one isoform, which is seen in Fig 4.5A.

The primary function of IRE1 is to splicédBP1 mRNA to produceghe XBP1s
protein | quantifedthe splicing of theKBP1mRNA from treatectellsby performing a
standard semmuantitativeXBP1mRNA splicing assay (Fig 4.5B) generated cDNA
from cellstreated with TM, TG, 6 TGo, 6MP, 5FU, and ibavirin by reverse
transcribing all MRNA using an oligdT primer. | then was able tomplify the XBP1
MRNA from the cDNA library usingequencepecific primersThe wnsplicedXBP1
cDNA contaireda Pstl cleavage site in t@é-nucleotideintron, allowing me to digest
unspliced cDNA intoXBP1ulandXBP1u2 Whereashe spliceccDNA remains
undigesteddue to the restriction digestion site being removed with theu2&otide
intron. | wasable to visualize the splicedDNA transcriptand dgested product on a
2.5% agarose gel following ethidium bromide stair(ifig 4.5B). TM treatment strongly

induced IREJactivity, resulting in thenajority of theXBP1transcript being spliced-
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TG and 6TGo treatment reducexBP1ul, XBP1u2 and increasedBP1s but not as
strongly as TMThe structurally similar thiopurine-BIP did notcauseXBP1splicing
Ribavirin and 5FU did not induce the UPR. These data strongly indittitat the two
thiopurines 6TG and 6TGo, but not 8MP, inducel the UPR in treated cells independent
of viral infection. This strongly correladavith the antiviral effects shown byBG and
6-TGo and provides evidence that UPR induction likely impairs viral glycoprotein
synthesisThe failure of 5FU to induce the UPRIso correlaté with its failure to impair

viral replication at similar concentrations tol'& and 6TGo.

4.2.5 Modulating the UPR Restore d Viral Glycoprotein
Accumulation but Fail ed to Restore Virus Production

After discovering that-dG and 6TGo induce the UPR, | nektvestigated
whetherthe UPR is responsible for the defecviral glycoprotein accumulation. |
specifically analyzed NA from infected celsnalyzing just HA from infected cells was
difficult due to the polyclonal nature of the antibody used in this study, the HA with
higher electrophoretic mobility merged into viral NP on a western Kibttorms
dimers/tetramers immediately following glycosylation through #dral intermolecular
disulfidebond formationNA homodimers are linked by intermolecular disulfide bonds
in the stalk regionTwo dimers then oligomerize to form tetramé@rbus, teating protein
lysates with DTT reduakdisulfide bondformation resulting in monomeric NA. | probed
for NA using a western blot with totplotein lysatet/- DTT to observéooth
homodimericand monomeristructures of NA. Probing for NA without DTT treatment

from untreated infected cells show that the majority of NA exists as dthrsrmigrate
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atroughly120 kDa, with a minority existing as monomeficms. Tetrameric NA
dissociateinto dimers during electrophoresis and therefore can only be visualized as
homodimerson DTT negative gel@Hogue & Nayak, 1992)To determinethe role of
PERK in 6 TG treated celld, co-treated infected cells with 200 nM ISRIB to observe any
changes in viral glycoprotein accumulation. ISRIB treatment promotes the GEF elF2B to
recycle GDP to GTP even if elF2U is phosph
inhibition from ISR activationTreating infected cells with TM or-8G dramatically
reducel the accumulation adimeric and monomeric NA&Fig 4.6A). MonomericNA
from 6-TG treated cellsnigrated closer to the size of deglycosylated NA monomers from
TM treated cellsThe migration of monomeric NA from®G treated cellsuggestedhat
the molecular weight is slightly greater than deglycosylated NA found in TM treated
cells, potentiallyindicating differential glycosylatioor other PTM<etween thewto
treatmentsTreating cells with ISRIB alone had no effect on viral glycoprotein
accumulationCotreating infected cells with TM an®RIB restorel monomeric NA
accumulatiorbutfailed to rescu¢he glycosylation of monomeric Nér the
accumulation otlimeric NA.Like TM, ISRIB was able to restore the accumulation of the
lower molecular weight monomeric NA Gi3TG treated cells, but failed to restdre
higher molecular weight monomeric Nkd the dimerization of NAlhese data provide
evidence that-d G inhibits viral glycoprotein accumulation via UPR/ISR activation and
the subsequent reductiohviral mMRNA translation.

Treating infected cells with-8G and ISRIBrestored the accumulation of the
lower molecular weight NAI thenanalyzedvirus productionfrom cells cotreated with-6

TG and ISRIBto determinewvhether cetreating with ISRIB recovers virus productidn
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again used TM as a UPR specific conthotlividually, TM and 6TG treatmenteduced

viral replication by ~14€00 and ~150 fold reectively(Fig 4.6B) Interestingly, when |
cotreated 6IG and TM with ISRIB, vius productiorwas further reduced instead of
restoring viral replication. Cotreatment of ISRIB and TM reduced viral replication by
~42,000 fold, and cdreatment of 6TG with ISRIB reduced viral replication by ~2,750
fold. These data indicate that the returning the accumulatitmedbwer molecular
weightviral glycoproteingoes not rescue viral replication. The failure to recover mature
NA dimers from ISRIB treatmemorreated withthe low virus productionTogether,

these data indicate that viral glycoprotein synthesis is dampened by PERK activation

following 6-TG treatment.

4.2.6 Knocking Out PERK Increase d the Antiviral Effects of6 -TG
To det er mi ne P E RoKoviag 6/TG freatmenthutilizéden | SR
A549 PERK knock out (KO) cell line that was generated by Dr. Khaperskyy and myself
to testviral glycoprotein accumulation and virus replicatit®RIB treatment effectively
nullifies the effects of elfZphosphorylationwhich is the center point of the ISFSRIB
relieves translation arreBbm the ISR by directly binding to elF2B and promoting its
GEF activity, effectively resuming GDP tol® cycling and the return to calgpeneént
translation.Treatment with ISRIBestoredviral proteinaccumulationbut not
glycosylation and maturation, which indicates that the ISR is responsible for rethecing
accumulation oviral glycoproteirs. Three differenPERK KOclones were generated
(Clone B3, C3, and A23long with a noftargeting (NT) control. | confirmed the

functional consequences of knocking out PERK by treating cells with Tg and sodium
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arsenite (As). Tg treatment specifically induces PERK through the WRéteasé\s
induces tle ISR throughanother sentinel kinaseRI, that also phosphorylates elF2
activating the ISR independent of PERK. In my NT control cells, both Tg and As
increased RIF2Jlevels slightly. In thelonal PERK KOcells(B3), Tg did not induce P
elF20, wherea As strongly induced fIF2J(Fig 4.7A).

| infected the threelonal PERK KO cell lines along with their NT controls with
PR8 at a MOI of 0.1 for an hour and treated with vehicle control (DMSO), k&t
glycosylation inhibitor TM, 6T G, or the stricturally similar thiopurine @MP for 23
hours.After 24 hpi, virus production waseasured by collecting cell supernatants and
conducting plaque assay®ERK deficiency had no effect on IAV replication, with
replication comparable to ti¢T control cell line. Inagreementvith previous results, the
structurally similar thiopurine-P had no effect on viral production in PERK KO cell
lines and NT control cellS-reatinginfected PERK KO and N¢€ells with TM
significantly reduced viral tits equally acrosthe different cell linesTreating NT cells
with 6-TG reduced vius production by roughly #old. Interestingly treatingPERK KO
cells with 6 TG further reduced virus production anotherfd@ over the NT cells,
representing &2,300fold reduction over untreated ce{l<ig 4.7B). PERK KO cells may
have increased sensitivity teTds treatment, which would explain the significant
reduction of virus production in PERK KO cellgreated both the NT control and PERK
KO clone B3 with 6TG and 6 TGo and quantified cell viability using tl@amarBlue
assayPERK KO cells did not show an increased sensitivity-Td&btreatment (Fig
4.7C).However,PERK KO cells showed more resistance to the cytostatic effects from 6

TGo treatment compared tioet NT control cells. These data indicate that the reduction in
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virus production irthiopurine treateERK KO cellswasnot from an increased
sensitivity to 6TG treatmentPERK activation reduced the accumulation of viral
glycoproteins and that the removal of PERK from the system increased the antiviral
effects of 6TG on viral replication. It remains unknown why PERK KO cells are more
sensitive to the antiviral effects 64TG.

| further analyzed the UPR and the effect €f® on viral glycoprotein
accumulation using-PBA. 4-PBA is a chemical chaperone that assistsroteinfolding,
which canmitigate ER stresgH. Zhang et al., 2013) infectedPERK KO clone B3 and
the NT control cells with PRBmantSfor one houiand treatdthe infected cells witle-
TG and 4PBA for 23 hoursl| analyzedviral glycoproteinaccumulatiorin response to
thechemical chaperonéfurther analyzed the accumulation of BiP, as it is upregulated
during the induction of the UPR (Fig7D). As previously shownwild-typecells withan
intact PERKresponseccumulated BiP from-B8G treatment{Fig 4.5A) 6-TG and 4
PBA cotreatment dramatically reduced BiP expression in NT control celge@ting 4
PBA with 6 TG decreased the electrophoretic mobility\oA compared to @G alone
(lane 4 vs lane 2)yhereagrotein accumulatiowas still less than that of untreateslls
(lane 4 vs lane 1(Fig 4.7D) Treating infected PERK KO cells with BG strongly
induced BiP expression, more tharthe NT control cellsThese data areonsistent with
previous findings in PERK KO cells. It has been shown that knocking out PERK
expression increased the activity of IR@Earding et al., 2000).ike treating infected
cells with ISRB and 6 TG, treating PERK KQzlone B3cells with 6 TG did notreduce
viral glycoprotein accumulatiofMhis is consistent with the literature, mammalian cells

that lack PERK have been shown to maintain protein synthesis during ERdasdiag
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et al., 2000)Again, 6 TG treatment led to the accumulation of a lower molecular weight
species of NA, likely due to the incomplete glycosylation of (Nve 6 vs lane 2Fig
4.7D). Co-treating PERK KO cells with-BA and 6TG dd not significantly reduce

BiP accumulationnor did itrescueNA glycosylation(lane 8 vs lane 4Knocking out
PERK resulted in similar results as treating infected cells with ISRIB, highlighting the
role of FERK in dampening viral translation duringl&s treatmentTaken together,

these data indicatehat PERK activation through the UPR reduces viral glycoprotein
translation after @G treatment. Furthermore; 685 treatment impa@dthe proper
glycosylation & the viral glycoproteinshat reducedirus production4-PBA partially
alleviatel 6-T G6 s i ndu ct In®&NT celts but notherougl B Return translation
to normal levelsTreating PERK KO cells with-#BA and 6TG did not reduce the
accumulation bBiP and did not rescue the glycosylation of Nhese data indicate that
PERK KO cells are more susceptible td 6-mediated UPR induction, whidbad to
significant reduction in virus production. The KO of PERK likely increased the protein

burden in th&ER, which may increase the basal level of UPR signaling.

4.2.76 -TG Is More Effective Than the Racl Inhibitor V
My previous results indicatithatthe other nucleoside and nucleobase analogs do
not induce a UPR in treated cells, and that this phenotype is founth@hG and 6
TGo. Thissuggestshattheincorporation of these nucleobase® DNA or RNAmay
not be involved in UPR regulatiof-TG isknownto inhibit theRac1GTPas&Shin et
al., 2016) 6-thioguanosine triphosphate-T85TP) forms a disulfide adduct with the

redox sensitive GTP binding domain of RacI.GTP is converted to-B8G diphosphate
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(6-TGDP)+ (P)) by Rac1 6-TGDP is unable to be exchanged for a free GTBTGTP.
The failure to recycle-d GDP to another GTP orBGTP prevens the reactivation of
Raclleading to the accumulation of BGDP loaded inactive RadD et al., 2006; Shin

et al., 2016)6-TGTP mayalso inhibitRhoA or Cdc42, since they haidentical GTP
binding domais. To futher understand the role of Racl during IAV infection, | treated
infected A549 cells with Racl inhibitor{Racl inhibitor V) The Racl inhibitor V is a
cell-permeableselective inhibitor oRacl and reversibly prevents its activatidb49

cells were infeted with PR8AmantS at an MOI of 0.1 for 1 hour and incubated with 6
TG or Racl inhibitor V for 23 hours before quantifying virus produdtiag 4.8). 6-TG,

at a lower dose than the Racl inhibitor V, reduced the viral replication more than the
Rac1linhibitor did, but this conclusion remains uncertain because it was derived from a
single biological replicateThese dateepresent a single biologicadplicate These data

suggestedhat 6 TG was more antiviral than the Rac1l inhibitor V

4.2.8 Calcula ting the MLD 50 of CA/O7 -MA

After demonstrating the antiviral properties eT& and 6TGo in our cell
models, | expanded my investigation intoiawivo model. The murine model is well
established for studying\V infection. Mice are not naturally infectsvith IAV due to
their inability to transmit the virus from mousemouse. Clinical isolates AV do not
replicate efficiently in the mouse and must be adapted to the nevoledtiently
replicate.Most inbred mice lackhe antiviralMx1 proteins,and therefore are more
susceptible to viral infectiomMx 1 proteins are welstudied host antiviral factors that are

upregulated by IFN during infection. Working with the mouse model yields numerous



advantageghey are small and easy to handle, they mawveerous genetic knockouts to
study, inbred colonies ensure similar genetics in experiments, mice fail to aerosolize the
virus, andthereis aplethora of tools available #nalyze sample® quantifyimmune
responsg Importantly, mice haveeen used for decades as a platform to study antiviral
therapies and vaccine strategi®gtsuoka et al., 2009)

| generated a working stock of Ad@ifornia/07/2009 (H1N1) mouse adapted
(CA/07-MA) from the allantoic fluid from fertilized chicken eggs. & properties of this
virus are discussed in detail Chapter 5. | calculated the mean lethal dose 50 (MLD
units of the stock testablish a benchark for all futuren vivoexperimentsTo calculate
the MLDso, nine groups of five mice were infected with stock virus serially dilti6ed
fold in sterile1xPBS One cohort of mice were mock infected witthicle control (PBS).
Mice were humanely euthad if their body weight dropped below 80% of their
original weight or if they score@12 on our clinical scorindvlice infected with 1¢
dilution all hit ethical end pointsvhereasnice infected with 198 dilution showed >50%
mortality, and mice infected with Fdilution had 0% mortality (Fig.9). Using ethical
endpoints as mortality, | used the Réddench method tealculate théVILD 5o of the
CA/07-MA stock to be 162 181 MLEY50 pL, with 1x MLDso equded to ~3 PFU/5QuL.
Fortheremainingexperiments, | consistently used 5x MigB0 L (15 PFU/50 pL)Yo

infect mice to characterize the effectiveness-@f®treatment in this model.

4.29 Drug Delivery and6 -TG Tolerance in Mice

6-TG administration via gavadeads tahe majorityof the compoundbeing

absorbednd metaboliselly the gastrointestinal tract before bemdgsorbednto the
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bloodstrean{Bronk etal., 1988; Jharap et al., 201Tp avoid this dramatic reduction of
potency, | first investigated intranasal (I1.N.) administrabbeterilePBS during

infection. Here, | infectetivo groups of fivemice eachwith 5xMLD s¢/50 UL, one group

with 1.N. administration of 5uL PBS and the other untreatedih one group of five

that wasmockinfected. The mice that received 1xPBS administered I.N. lost wenght
subsequently their ethical end points fasft@anthe nontreatedcohort(Fig 4.10A). |
discovered administering I.N. PBS significantly decreased the life expectancy of infected
mice (Fig 4.10B). For this reason switchedto interparental (I.P.) injectiorfer future
experimentswhich ensured efficient drug administration while avoiding thétineaks
associated with gavage.

Using I.P. injections to administef |85 to infected mice, | calculated the best
dosage to get-8G to the lungs without causing immune dysregulation. Here, being wary
of the immunosuppressive side effects 6f®, | calalated that administering
0.3mg/Kg/day would béhe highest amount | could inject into the mice without causing
immune dysregulatian calculated this by referring to the published literature; Nelson
and Vidale demonstrated that 0.3mg/kg/day administePeds well below lethal
concentrationgNelson & Vidale, 1986)Moore and LePage showed that up to 10% of
administered @G can be found in the lung within a minute of administraidoore &
LePAGE, 1958)In clinical settings, humans are routinely treated with 0.3 mg/kg/day
delivered orally, with favourable concentrations being reached and main{ainaedp et
al., 2011) Injecting I.P. increases absorption and distribution. Furthermore, gavage
administration of 0.5 mg/kg/day showed no systemic toxicity, while 1 mg/kg/day resulted

in weight loss in micever a extended period of tim@®ancea et al., 20130 the same



study, the authors demonstrated haematdipdmxicity at 0.5 mg/kg/day, but not 0.2
mg/kg/day.Considering this evidence from the literaturdecided that 0.3 mg/kg/day
6-TG deliveredI.P. is the maximum concentration | could use without causing immune
suppression and systemic cytotoxicity.

| tested several concentrations eT6 in BALB/c miceline to further establish
the dosing for the challenge studiyreated mice with vehicle control (PB3),03, and
0.1 mg/Kg/day through I.P. injection and obserf@dveight lossover ten day$Fig
4.10C). All groups were healthy with no weight lgosdicating no overt cytotoxicity
Although, he body weight of mice does nditectly representhe immune status of
treated mice. Mice treated with 1mg/kg/day likely experienced mild immune suppressio
which did not manifest in weight lodstom these datand previously published work by
other groupsl determined that-8 G is best administered through I.P. injections at 0.3

mgkg/day.

4.2.106 -TG Did Not Protect Against Lethal Infection

To test the effectiveness ofT&5 as an antiviral against influenza infection in a
murine model, | treated infected mice iR/ challenge study. | injected a group of
mice prophylactically 2 days prior to infection (D&), with 0.3mgkg/day I.P. and
continued treatmerdaily until Day 10. Imockinfected or infected mice on Day 0 with
5XMLDs¢/50 uL and monitored for symptoms until day 10, euthanizing mice thatedach
their ethical end points (Figg11A). | treated one group of infected mice with rilvania
nucleoside analog with antiviral properties against influeaza positive control and

treated another group with vehicle control (PBS) negative contrdPrevious work
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demonstrated that ribavirin protedtmice from lethaCA/04 infecton (Rowe et al.,
2010) The challenge study was completed three independent times to generate three
biological replicates.

Treating infected mice with-8G did not protect against a lethal challenge of
IAV . Treated mice with I.F6-TG did not improve the survival rate of infected mice over
the untreated group (F@11B). 6 TG treated mice lost weight at the same rate as the
untreated miceyhereasnice treated with ribavirin showed no morbidity or mortality
(Fig4.11C). | harvested Bronchoalveolar Lavage Fluid (BALF) from beltGareated
and vehicle (PBSireated mice tguantify virus productioin the lung. 6TG treatment
did not reduce viral replication compared to the untreated dfig@.11D). These
results indicaté that the 6TG treatment had little to no effect on viral replication,
disease manifestation, and survival against a lethal ddé&/ofAnecdotally, 6TG
treated mice showed a mild improvement in activity and appéaranceT his slight

difference may arise from the immune modulatory effects &6

42116 -TG Treatment Altered the Immune Response of
Infected Mice

| further analyzed the effect of BG treatment on the cytokine responses of
infected mice through a multiplex ELISBALF was sterildiltered and U\fsterilized
before analysisSampleswere harvested o dp. Samples were analyzed on Day 3
because there was no survivor bias, while day 7 saw a significant number of mice lost to
their ethical end points$n total,23 targets were analyzed by the multipkssaythe

majority of which showed no differences between treated and untatezie
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unquantifialbe (out of rangeOOR)(Table4.1). The chemokine€XCL2 (Fig 4.12A),
CXCL1 (Fig4.12B), and CXCL1Q(Fig 4.12C) were found to be markedhgducedn 6-
TG treated micat 3 dpi IAV infection is known to promote CXCL2 release from
recruited neutrophils, which in turn recruit more neutrop8lsort et al., 2014)CXCL10
is also produced by activated neutrophils and is correlated with a poor prognosis
(Ichikawa et al., 2013)CXCL2 and CXCL10 is thought to aid in neutrophil mediated
damage to lung tissue. Neutrophils further damage endothelial and epithelial cells of the
lung during infection through the formation of extracellular tryerasaraju et al.,
2011) However these resultare from two micgper group and therefore do not have the
powerto test forstatistical significanceResults from 7 dpi were highly variable, with no
cytokine or chemokine showing any trend in between treatment grblugpdiltered
BALF from infected mice collected 7 dalisohad areddishcolour, possibly indicating
extensivdung damage.

To further analyze the immune responséAd infection and subsequentTas
treatment, | investigated the immune cell infiltratehe BALF. Cells were obtained
from BALF 3 dpi and stained for immune markers to allow differentiation and
guantification through flow cytometry. Samples from 7 dpi were unusable due to
excessive lung damage that resulted dmamatic reduction in viableell counts. Cells
from 3 dpi were gated first on forward and side scatter, then for CD45+ and side scatter,
then CD11c and SigLig F, and lastly on Ly6G and CD11b. Alveolar macrophages (AM),
high in both SigLig F and CD11c, comgethe majority of immuneells found in a
healthy lung and are responsible for clearing particulates along with remodeling the

alveolar space. Influenzarusinfection has been shown to reduce AM populations by up
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to 90% in the murine lun@Ghoneim et al., 2013)n agreement with the literature,
infection dramatically reduced the AM populations in the lung of vehicle tréaftected
mice. Treating infected mice with 0.3 mg/kg/day® increased the survival of alveolar
macrophages bglmost twefold over the untreated infected group (Big3). In the
healthyuninfected control group, neutrophils were not present in the BALF. The
untreatedinfected mice had a high degree of neutrophil infiltratieit Gotreatment
reduced neutrophil filtration into the mouse lunddigher levels of neutrophil

infiltration is negatively correlated with disease outco(vésiland et al., 1986)6-TG
treatment reduced CXCL2 levels irfeated mice, which complements the reduction in
neutrophil infiltration.Taken together, these data suggest that treating infected mice with
0.3 mg/kg/day 6TG I.P. did not reduce viral replication, but slightly modulated the
immune response. Accordinglfe virus replicated unperturbed and treated mice

experiencd similar mortality rates to the vehicle control group.

42126 -TG Fail ed tolInduce the UPR in Mouse Cell Lines

My previous results indicated that treating cells witF® induced the UPR and
this prevented the accumulation of viral glycoproteins and ultimately impaired viral
production. After discovering thatBG did not improve the survival of IAV infected
mice, | investigated whether-8G could activate the UPR in murine cells. Here, | treated
A549, mouse embryo fibroblasts (MEF), and murine L929 cells withicbdilutions of
6-TG for 4 and 8 hours before harvesting total protein lysate. | also treated dell&Mvit
or Tg controls to induce the UPR. | probed lysates for XBP1s, as | previously

demonstrated that®G treatment activates IRE1. A549 cells accumulated XBP1s at 4
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and 8hours pos6-TG treatment (Figt.14A). These datareconsistent with my previous
findings. The accumulation dfBP1s plateaued after treating A549 cells with 10 M 6
TG. XBP1s did not accumulate iRTas treated MEFs (Fig.14B) or L929 cells (Fig
4.14C), even at the highest concentrations and longest time points. | confirmed that
XBPlsaccumulated during the UPR. TM and Tg treated murine cells accumulated

XBP1s to high levels.

4.2.13 Treating | nfected MEFs with 6 -TG didnot I mpair Virus

Production

| further analyzed the potential antiviral effects éf® in murine cells. | infected
MEFs with PR8AmantS at an MOI of 0.1 for 1 hour and treated infected cells with TM,
6-TG, 6 TGo, and 5FU (Fig4.14D). TM treatment dramatically reduced w&
production from treated MEF cells, which is consistent with my previous findings in
A549 cells. Both 6TG and 6TGo failed to reduce virus production from treated cells,
even at the highest concentration of 10 jHwever, these data only represatine
biological replicateandthereforewerenot statistically significanfThe nucleobase-BU
had no effect on virus production, which is also consistent with my previous results in
A549 cells.These data indicate tha{T&> and 6 TGofailedto induce the BR in murine
cells The induction of the UPR likely creatan antiviral environmerthatimpaired
viral glycoprotein synthesis and subsequenis production. These data indicdtidat
the murine model is not appropridtetest the efficacy of-6 G dueto murineresistance

to 6 TG mediated UPR inductiofurther research is required to fully characterize
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murine cel | 8T treaenent and thercarrelationdetvéeen UPR induction

and impairing viral replication.

4.3 Discussion

HTAs may provice a higher barrier to the emergence of antiviral resistant viruses,
while directacting antivirals quickly select for resistance. It remains challenging to
identify cellular pathways that can be targeted to impair virus replicaitibout causing
overtcytotoxicity in uninfected cells. In this Chapter, | report the antiviral effects of the
FDA-approved thiopurine analogsT& and structurally similar-8 Go against IAV
infection 6-TG is currently used in clinical settings to trematkemiaand IBD, with6-
TGN metabolites impairing the small GTPase R@w=lBoer et al., 2006; Moore &
LePAGE, 1%8; Shin et al., 2016, p. .My results indicate that targeting the ER
significantly impairs vius productionFurthermore, | demonstrated thaT & is an
effective antiviral against several influenza virudeharacterizd a cellular pathway
that ca be targetethat did not cause overytotoxicity in bystandecells, while
impairing the accumulation of viral glycoproteinBhese findings indicate, for the first
time, that the thiopurines G and 6TGo induce the UPR ihumancell lines.
Furthermoe, | demonstrate for the first time, that @G and 6TGo are effective
antivirals against IAV infection in human cell lin&TG and 6TGo treatment
significantly reduced the accumulation of viral glycoproteinsumancells Other
nucleoside and nuclease analogs-BU, ribavirin, and the structurally similar thiopurine
6-MP did not induce the UPR. Accordingly, these analogs did not significantly impair

virus production. The selective disruption of viral glycoprotein accumulation with
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minimal effects orother viral proteins suggestsattUPR inductiorby 6-TG and 6 TGo
treatmenis the main antiviral mechanisinconfirmed thenvolvement of the&JPRin the
reduction of viral glycoproteins by treating infected cells with chemical chaperones and
the ISR irnibitor ISRIB, which partially restored the accumulation of viral glycoproteins.
Furthermoregenetic manipulation using tliERISPRCas9 systerto destroy the
expression of PERIKartially restord viral glycoprotein synthesis.

In Chapter 3, | demonstratégatsilvestrol andpateamine Ahavea high degree
of cytotoxicity inbothmockinfectedandlAV infected cells. Both elF4A inhibitors
reduced cell viability and induced apoptosis at effective antiviral concentrations. Here, 6
TG and 6TGo moderatelyrediwced cell viability but did not induce the apoptotic cascade
at the concentrations and time points used in this study. Thereld®eaid 6TGo likely
reduced the cell cycle, displaying their known cytostatic eff¢atkla et al., 19956-TG
is a more favourable HTA over elF4Ahibitors due to its higher threshold of tolerance
in treated cells with no overt cytotoxicitiyurthermoreg-TG isan FDA-approved
compoundand used in clinical settisg

Dr. Denys Khaperskyy identified G and 6TGo in a small molecule screen for
compounds that specifically induce SGs in infected déilé.encodes three proteins to
thwart the formation 06Gs butreating infected cells with the thiopurines induced SGs
in 5% 10% of infected cells. FurthermoreT& did not induce SG formation in
uninfected cellsHowever,6-TG induced the UPR in both infected and uninfected cells,
suggesting that the activation of PERiQy not besolely responsible for the formation of
SGs. Furthermore, SGs only formed in a fraction -0f@ treated infected cells, while the

accumulation of HA and NA was almost completely blocked 36 Is the
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phosphorylation of elR2responsible for the formation of BG induced SGs? To answer
this quesbn, | would perform immunofluorescence on Udanfected A549 PERK KO
cell lines to visualize and quantify SG formation. Alternatively, | would perform
immunofluorescence on infected A549 cellstieated with 6TG and ISRIB to visualize
SGs. If SGs faito form in the PERK KO cell lines or in cells-t@ated with ISRIB, then
that would give evidence that SG formation is PERK and ISR dependent.

Both HA and NA arenodified by N-linked glycansin the ER. This PTM is
essential for the oligomerization, stiftlyi and function of HA and NAOhuchi et al.,

1997; P. C. Roberts et al., 199BYiemonstrated that 6G and 6TGo treatment reduced
the accumulationf viral glycoproteins HA and NA. Furthermore;T& and 6TGo
treatment resulted in the generation of lower molecular weight HA and NA, as seen
through their increased electrophoretiobility. The failure to properly glycosylate the
viral glycoproteins kely is the reason for the accumulation of the lower molecular
weight glycoproteinsdthough the exact mechanism remains unknown.

I n this chapter, |  aTGareagnemdntheERKO S r esp
accumulation of viral glycoproteins. Both PERK KO cealigl the NT control cell lines
produced equal amouwgf virus, suggestindghat functional PERK is not required to
sustain virus replicatioRrevious work had indicated that PERK activation during IAV
replication is detrimental to the accumulation of Mpeotein(LanderasBueno et al.,

2016) Treating infected PERK KO cells with'BG rescued the accumulation, but not the
molecular weight, of viral glycoproteins. Furthermore, treating infected cells with ISRIB
similarly restored the accumulation, lalitl not restore its electrophoretic mobility

Taken together, these data indicate that PERK is responsible for repressing viral



glycoprotein synthesis through the ISRterestingly, teating infected PERK KO cells
with 6-TG dramatically reduced wisproduction, a further ~1.5 lagore than th&-TG
treated NTcontrol cell line. AralamarBlue assay determined that PERK KO cells had
similar, if notstrongerfesistance to potentiat BG cytostatic effects. kemains
unknown why 6TG treated PERK KO cells further fail to produce virus over the NT
cortrolcellline. The phosphorylation of el F2U by
within the ER. Knocking out PERK may result in the ER being overwhelmed during 6
TG treatmentFurthermoreco-treating PERK KO cells with-8G and 4PBA did not
alleviatethe stress completely, as seen with a higher accumulation of BiP and the failure
to restore glycosylated NAlowever an analog to 4BA, 2,4dioxo-4-phenylbutanoic
acid, is a known inhibitor of the endonuclease domain ofBias et al., 2009)lt is
unknown f 4-PBA contains the same inhibitory effeets2,4-dioxo-4-phenylbutanoic
acid on PA, but it may explain the reductionvol protein accumulation in-RBA
treated cellsMariel Kleer quantified virus production fromPBA treated infected cells
and digovered that-PBA treatmentalone reduced virus production

The exact mechanism of UPR induction by® and 6TGo remaiis unknown.
My data indicates that the effects are unlikely mediated through DNA or RNA
incorporation of 6TGN becausel) the UPRwasrapidly induced followings-TG and 6
TGotreatment?) only viral glycoproteinsveresignificantly affectecdy 6-TG treatment
3) work completed by Dr. Khaperskyy afileigh Kadijkindicatel that mMRNA and
VRNA levelswereunaffected by 6I'G treatment4) other nucleoside and nucleobase
analogs failed to induce the UPR and failed to impair virus produ@iaime et al.,

2021) The structurally similar thiopurin@MP is missing the EN-aminefoundonthe
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nitrogenous base & TG or 6 TGo. Because of this,-MP mimics guaninelesswell
compared t®-TG and 6TGo.

The mechanism of-8G mediated UPR activation may involve the inhibition of a
small GTPase involved in ER homeostasis. Numerous GTPases are involved in
regulating the ER, such as Rab GTPases that are responsible for vesicular trafficking,
dynaminlike GTPaes that maintain tubular networks and vesicle formation, and the
localization of nascent polypeptides to the ER membfaoneola et al., 2002; Hu &
Rapoport, 2016)%6-TG is known to bind and impair the small GTPase Racl through
mimicking guanosine and preventing the cycling of GDP to (iR et al., 2018)
Impairing Raclis thought to contribute to itsechanism of action as a chemotherapeutic
and treatment of IBIYShin et al., 2016, p. 1Preliminary results indicated that impairing
Racl was not as effective a§ & as an antiviral. Future work will anak/the
accumulation of viral glycoproteins from infected cells treated with the Rac1l inhibitor V.

Studies completely other McCormick lab membedemonstrated th& TG
treatmeninducal the UPR inrmostcell linestested, including Vero, U20S, and MDCK
cells. Interestingly high concentrations of-8G failed to induce the UPR in treated
murine cells, while the same concentrations-01@strongly induced the UPR luman
cell lines Preliminary data indicates that treating infected murine cells witls fias no
antiviral effect on virus production, which correlated strongly with the failure to induce
the UPR. These data further support the idea #14s @ntiviral effects are independent
of 6-TGN incorporation Furthermore,reating infected mice with-8G did not protect

against a lethal infectiomor did 6-TG treatmenteduce vius productionin themouse



lung. These data give evidence that murine cells are resistafliGartediated UPR
induction resulting in the failure to protect the model organégyainst viral replication.

My work demonstratethat not all specieare equally sensitive to BG mediated
UPR inductionwith murine cells showing complete resistance-iItG Moving forward
with 6-TG as an HTA, the optimal model organism would closesembléhuman cell
lineswith clear and marked induction of the UPR. The ferret is anotherestlblished
model for influenza infection, commonly used to study transmission with their ability to
aerosolize the virus and similar clinical manifestatiothtd of a humaiiBelser, Katz, et
al., 2011; Belser et al., 2020)he efficacy of 6TG in ferrets can be testauvitro first,
since Errets have their own available cell lines. Twil allow us to tesferretcell lines
for 6-TG mediated UPR inductigprior to a challenge study

Why are murine cells resistant tel& mediated UPR induction? | hypothesize
that 6 TG targets a GTPase luman cell lineshatperturbshe ER, while murine cells
either do not encode the GTPase, or the GTPase is divergent from human setjuences.
aligned the primary amino acid sequence of Racl froce and humasto identify
whetherthere is significant diesrgence between the two speciRacl is 100% identical
in amino acid sequence between mice lamahars, further indicating that Racl is not the
target of 6TG or 6 TGo. Further analysis of GTPases involved in localizing
glycoproteingo the ERand the Golgapparatusighlights several differences in key
GTPases between murine and hun¥dre most significantdifference is the absence of
the dynamidike GTPasemyxovirus resistance protein(1xA) in the model mouse
BALB/c. MxA is the human ortholog to muenvix1.In Chapter 5, | confirm the absence

of Mx1 in boththe MEF cell lines and the inbred BALB/c mice. The dynatiike
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GTPase MxA is known to tubulate the ER, form cytoplasmic structures even in
uninfected cells, and can amplify apoptosis through the (#eBola et al., 2002; D.
Davis et al., 2019; Numajiri Haruki et al., 201phibiting MxA may impair the
tubulation of the ER and induce ER stress, resulting in the activation of the UPR.

The cell relies on three GTPases to localize growing polypeptides #©R to be
translated into the ER lumenhe first is the signal recognition particle (SRP) 54 kDa
subunit (SRP54), t-subunisoéthedcSRRIrecepor (8R),endTh®é k D a
t hird i s -suburetof SR. Alktlideee GDPases work in comne@th each other to
identify, translocate, and release nascent polypeptitiethe translocon. SRP54 and
SRU rieasunigi@subfamily of GTPaseshileSRb i s a member of th
of small GTPasef_egate & Andrews, 20035 R U a ntdhvel®&nfshown to bind
GTP, with SRb showing rapid binding of fre
(Miller et al., 1995) Recognitiorof the signal peptide and targeting of the nascent
protein to the ERs independent of GTP hydrolysishe insertion of the nascent
polypeptideinto the transloon and dissociation of SRP from the BRETRdependent
(Bacher et al., 1999; Rapiejko & Gilmore, 1994aligned the primary amino acid
sequences of the three GTPases from murine and human origins, with SRP54 showing
99.8% identity, SRU showing 97.2% identity
identity. Some amino acid dedndhrmamnces betw
sequences flanked the GTP binding domain, but not within the GTBas&nitself.
Furthermore, within SRb t he megeaadhe@enaimu mer ous
the switch domainsSwitch domainsire responsible for changing confirmatidrtlee

protein during GTP hydrolysis to increase its affinity to its target prof@iesinerberg et
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al.,2005. SRb cont ai ns t wo cortainss0% dmind acichidentitys , t h e
between human and mice sequenedsle the second domain shows 80% amino acid
identity. These switch domains may alter the GTPases ability to bird.@nterestingly,
it has been demonstrated thiadpairingthe SRP and SR pathway induce the UPR
(Bacher et al., 1999; Prevo et al., 20F0rther research is required to identify the
molecular target of @G and 6TGo.

HTAs are becoming more widely researched and show potential against numerous
viruses.In this chapterl demonstraté the applicabilityof 6-TG as a HTA against
several influenza viruseth 2019 a member of the betacoronavirus genus, severe acute
respratory syndrome coronavirt® (SARS COV2), entered the human population
initiating the deadliest pandemic of the’2Enturythus far The McCormick lab has
tested the antiviral properties ofl& on the biosafety levél (BSL-2) betacoronavirus
0OC43 whichalso infects the human populatibatis generallylimited to mild
symptoms Work completed by the McCormidab hasndicatel that6-TG is antiviral
against OC43, with treatment significantly impairing the accumulation of the viral spike
(S) glycorotein. Unlike 1AV, coronaviruses replicate their genomth@cytoplasm in
replication compartmentierivedfrom the ER and secretory pathw@ortese et al.,
2020) These replication compartments are double membrane vesicles that are captured
lipids fromthe ER(Knoops et al., 2008Perturbing the ER through UPR induction with
6-TG may prove to not only impair viral glycoprotein accumulation, but directly limit
viral transcription and replicatidoy blocking the formation and function of coronavirus

replication organelles.
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Table4.1: Average concentrations of chemokine/cytokireen the BALF of infected
miceat 3 dpi The average values of immune signaling molecules were quantified from
mice that were infected and treated with PBS vehicle, infected and treated M@thaid
healthy uninfected controls. 23 molecules were quantified using Luminex that was
guantified onthe Bio-Plex 200 from BieRad. OOR< =Out of Range beloWhis work

was completed by Patrick Slaine and is not published.

Molecule Infected untreated(pg/mL Infected 6TG(pg/mL) Uninfected(pg/mL)
GM-CSF 6.8 6.8 6.38
TNF-U 1.12 7.74 6.97
MCP-1/JE/CCL2 23.42 1421.96 1153.615
MIP -2/CXCL2 0.1 55.605 39.855
IL-5 OOR < OOR < OOR <
IL-10 OOR < OOR < OOR <
IL-17A OOR < OOR < OOR <
RANTES/CCL5 37 444.535 369.475
MIP -1a/CCL3 0.87 16.045 12.97
KC/CXCL1 24.1 479.79 389.21
IL-12p70 7.7 10.74 11.42
IL-1 b OOR < OOR < OOR <
IL-4 OOR < OOR < OOR <
IL-6 18 298.965 344.3
IL-13 OOR < OOR < OOR <
IP-10/CXCL10 50 1444.45 887.835
IL-23p19 OOR < OOR < OOR <
IL-18 OOR < OOR < OOR <
IL-15/IL-15R OOR < OOR < OOR <
ST2/IL-33R OOR < OOR < OOR <
TSLP OOR < OOR < OOR <
IL-25/IL-17E OOR < OOR < OOR <
IL-22 OOR < OOR < OOR <
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Figure 4.1: 6-Thioguanine and 6Thioguanosinedemonstratecytostatic effects on

treated cells.

(A) Structures of @hioguanine (6TG) and 6thioguanosine (@ Go) and structurally

similar nucleobases and nucleosides. Thiol groups presefit@) 6-TGo, and 6
mercaptopurine (81P) are highlighted in green. (B) A549 cells were treated with
increasingloses of 6IG, 6 TGo, 5FU, or vehicle control (DMSO) for 23 hours and cell
viability was measured using an alamarBlue assay. Relative fluorescence units were
normalized to vehicle control. Error bars represent standard deviation (N=3). Horizontal
dotted ine represents the relative fluorescence of untreated cells. (C) Representative
phase contrast images of A549 cell monolayers treated wita 6.0 uM) or vehicle
(DMSO) control for 23 h. White scale bars in the bottom right corner of images represent
100um. (D) Lysates of A549 cells treated with the Silvestrol (320 nM), thiopurines (10
p1M), and vehicle DMSO control were analysed by western blotting for total PARP (full
length and cleavedTellularactinis used as loading controlThis work is publishe in
Slaine et al., 202&and completed by Patrick Slaine.
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Figure 4.2: 6-TG and 6-TGo treatment impairs replication of genetically diverse
influenza subtypes.

A549 cells were infected with (A) RluertoRico/08/34 (HLIN1) (PR8), (B)
A/California/07/2009 (H1N1) (CA/07), and (C) A/Udorn/73 (H3N2) (Udorn) at a MOI of
0.1 for 1hpi. Cell monolayers were washed and treated with the compounds at the
indicated concentrations for 23 hpi. Infectious progeny ircéli@lar supernatant was
enumeratetby plaque assay. Error bars denote the standard deviation of three biological
replicates (N=3). Dots are coloured for their representative replidaiework is

published inSlaine et al., 202&and completed by Patrickaine.
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Figure 4.3: Characterization of 6-TG and 6-TGo antiviral effects over time and at
different concentrations.

MDCK cells were infected with (A) CA/07 and (B) PR8 at a MOI of 0.1 for one hour,
before treatingvith vehicle control (DMSO), Silvestrol, Ribaviriny 6-TG. Supernatant
was collected from infected cells at the indicated hours post infection (hpi). Infectious
viral progenywereenumeratedyy a plaque assay using confluent MDCK cells. (C) A549
cells were ifiected with PR8 at a MOI of 0.1 for 1 hour and incubated withl@ diluted
6-TG or vehicle control (DMSO) for 23 houigirions released into the cell supernatant
at 24 hpi were enumerated by plaque assegatéd samples were normalized to DMSO
treatedcells to calculate fold reduction. Error bars denote the standard deviation of four
biological replicates (N=4). (D) A549 cells were infected with PR8 at a MOI of 0.1 for 1
hour before incubating infected cells with Tunicamyci1,® (10uM), and MP

(10uM). Infectious progeny was enumerated at 24 hpi using a plaque assay. Bars
represent a single biological replicate (N=This work was completed by Patrick Slaine
and not published.
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Figure 4.4: 6-TG and 6-TGo impair viral glycoprotein synthesis.

A549 cells were mock infected or infected withFAYertoRico/08/34 (HLN1) (A) or

CA/07 (B) at a MOI of 0.1 for 1hpi. Cells were washed and treated with compounds at
the indicated concentration or vehicle control (DMSO) for 23 hours before total protein
was harested. Cell lysates were collected and analyzed by western blot, using a
polyclonal IAV antibody that detects HA, NP and M1 as well as antibodies that detect
IAV PA, NA, NS1, or cellular actin. The representative of 3 independent experiments is
shown.Thiswork is published irSlaine et al., 202and completed by Patrick Slaine.
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Figure 4.5: 6-TG and 6-TGo activate the UPR.

(A) A549 cells were treated withtBioguanine (6TG), 6-thioguanosine @ Go), &
mercaptopurine @1P), 5fluorouracil (5FU) or ribavirin at the indicated concentrations
for 6 hours prior to harvesting lysates for immunoblotting for the indicated aellula
proteins. 5 pg/ml tunicamycin (TM) served as positive control for UPR activation.
ATF6* indicates a lower molecular weight species that is presumably not glycosylated
and not cleaved to its active form. (B) cDNA was generated from total RNA that was
isolated from treated cells. XBP1 mRNA splicing was determined by the semi
guantitative RTPCR splicing assay. XBP1ul and XBP1uZ2 indicate the cleaved produces
from digesting the unspliced XBP1 cDNA with RBlF. This work is published islaine

et al., 202Jand completed by Patrick Slaine.
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Figure 4.6: ISR inhibition restores NA synthesis in the presence of6G, but NA
processing and virion production remain impaired.

A549 cells were infected with PR8 at a MOI of 1. After 1 h, cells were washed and
treaed with tunicamycin (TM, 5 pg/ml),-hioguanine (6TG, 10 uM) and/or 500 ng/ml
ISRIB. (A) At 24 hpi, cell lysates were collected and processed for nativePRE

and immunoblotting using an aiiA antibody. Nglycosylated forms of NA are
indicated as NAglyco, whereas glycosylated NA dimers are indicated as dif@Gelsilar
actin was used asloading control. (B) At 24 hpi, cell supernatants were collected and
infectious IAV-PR8 virions were enumerated by plaque assay. Error bars represent the
standardieviation between biological replicates (N=4); circles represent biological
replicatesThis work is published islaine et al., 202and completed by Patrick Slaine.
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Figure 4.7: Knocking out of PERK enhances inhibition of viral replication by 6 TG.

(A) Western blotting analysis of PERK KO cells (clone B3) andtaogeting control

gRNA lentivirustransduced cells (NT) treated with thapsigargin (Tg, 250nM) or sodium
arsenite (As, 500uM)Lysates were collected 1 h pdastatment and analysed for PERK
expression and activation, total and phosp
(clones A2, B3, and C3) and the rtamgeting control cell line were infected with PR8 at

a MOI of 0.1 and wer treated with the indicated compounds for 23 hours. Supernatant
was collected at 24 hpi and viral progeny were quantified using a plaque assay. (C) A549
PERK KO clone B3 and the ndgargeting control cells were treated with escalating doses
of 6-TG, 6 TGo, or vehicle control for 23 hours and cell viability was measured using an
alamarBlue assay. Relative fluorescence units were normalized to vehicle control. Error
bars represent standard deviation (N=3). (D) Western blot analysis of PERK KO cells
(Clone B3 and nortargeting control gRNA lentiviruransduced cells (NT) infected

PR8 at a MOI of 0.1 for 1 hour. Cells were washed and incubated with media containing
6-TG (10uM) and the chemical chaperonr®BA (10mM). Total protein was harvested

at 24 hpi. Lystes were probed for PERK, viral NA, and Bllular atin was used as a
loading controlThis work is published iSlaine et al., 202and completed by Patrick

Slaine and Dr. Khaperskyy
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Figure 4.8: Rac1 inhibitor V may not be as effective as @ G at reducing viral titers.
A549 cells were infected with PR8 at a MOI of 0.1 for 1 hour and infection media was
replaced with media containingT8s (10uM) and Racl inhibitor V (25uM). Infectious
progeny was enumerated using a plaqeayasGraphical data represents one biological
replicate (N=1)This work was completed by Patrick Slaine and not published.
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Figure 4.9: Determining the MLD so of CA/07-MA .

(A) 5-weekold BALB/c mice were infected with serially dilutestbck of CA/O7ZMA to
determine the mean lethal dose 50 unit (M§)@f the stock virus. Mice were

anesthetized with 5% isoflurane and infected with indicated serially diluted virus in 50pL
1xPBS. Mice were monitored for clinical manifestation of diseadesathanized if they
crossed ethical endpoints, such as 20% reduction in body weight. Mice were monitored
for 10 days before ending the experiment. Survival curves were graphed for each
dilution. This work was completed by Patrick Slaine and not published.
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Figure 4.10: Testing the intranasal route of administration in infected mice and

testing different concentrations of 6TG intraperitoneal.

5-weekold BALB/c mice were infected with 5xMLD50 of CA/@MA or mock infected

with PBS and treated with intranasal (I.N.) PBS or not. Mice were monitored for clinical
manifestation of disease and euthanized if they crossed ethical endpoints, such as 20%
reduction in body weight. Mice were monitored for 10 days before ending the
experiment. (A) Body weight was plotted as fold reduction over Day 0 weight. (B) The
survival curvefor each treatment group otted. (C) Sweekold BALB/c mice were
injected intaperitonedy (IP) with increasing doses of BG or vehicle (PBS) and
monitored for weight loss. Injections were made once daily on alternating Binies.

work was completed by Patrick Slaine and not published.
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Figure 4.11: IP injection of 0.3 mg/kg 6 TG does not protect against a lethal dose of
CA/07-MA.

(A) lNllustration of the timeline the influenza challenge study. Dosing started 2 days prior
to infection to mimic a prophylactic therapy, where they were dosed onceudailthe

end of the experiment. Mice were intranasally infected with 5xMLD50 units of GA/07
MA on day 0 and monitored for clinical signs until day 10. Samples were collected on
day 3, 5, and 7 for analysis. (B) Survival curves of treated mice were plgtgih

shows sham infected (PBS) mice (N=12), infected mice treated with vehicle (PBS,
N=15), infected mice treated with ribavirin (N=4), and infected mice treated with 6
(N=15). (C) Fold body weight was graphed over time of the infected mice indinated

(B). Horizontal dotted line indicated 20% body loss, the ethical end point for the infected
mice. (D) Bronchoalveolar lavage fluid (BALF) was collected from two mice on day 3, 5,
and 7 post euthanasia from each treatment group. Infectious viral prwgeny

enumerated from sterile filtered BALF with a plagque assay on MDCK délis.work

was completed by Patrick Slaine and not published.
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Figure 4.12. Multiplex ELISA from mouse BALF showed changes in 6TG treated
mice.

BALF was taken from 2 treated o& on day 3 and multiplexed for 36 different immune

signalling molecules. Three signaling molecules were selected and graphed; (A) CXCL2,
(B) CXCL1, and (C) CXCL10. Graphs represent two mice (N¥B)s work was
completed by Patrick Slaine and not publghe
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Figure 4.13: Representative flowcytometric analysis of immune cells found in the
BALF of treated mice.

BALF was harvested from two mice in the (A) uninfected, (B) infected and vehicle
treated, and (C) infected and treated wiHR® on day 3. Lungs were washed postmortem
on day 3 posinfection with PBS containing 0.5% Bovine Serum Albumin (BSA) to
obtainif i | trating i mmune cells. Cells were sta
Cells were stained for CD45 (PerCP &4\), CD11c (APC A), CD11b (FITC A),

SigLig F (PE A), and Ly6G (APC eFluor 780) and data collected using a BD LSR
Fortessa instrument. C&were gated left to right on alive, CD45+ cells, and not alveolar
macrophages (not AM). Percentages are shown as total hits within th€haateork

was completed by Patrick Slaine and not published.
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Figure 4.14: 6-TG fails to inducethe UPR in murine cellsand fails to reduce virus
production from infected mouse cells

(A) Human lung adenocarcinoma (A549), (B) Mouse embryo fibroblast (MEF), and (C)
mouse L929 cells were treated with increasing concentration3 6f &d harvested at 4
and 8 hours post treatmer@ells were also treated with tunicamycin (TM) and
thapsigargin (Tg) to induce the UPRfter incubating for the indicated amount of time,
total protein was harvested and probed for XBRHlularactin wasusedas a loading
control. (D) MEF cells were infected with PR8 for 1 hour at a MOI of 0.1 and treated
with the indicated compounds for 23 hours. Supernatant was harvested at 24 hpi to
enumerate infectious progeny with a plaque asHaig. work was completed by Patrick
Slaineand not published.



CHAPTER 5 : ANALYSIS OF ADAPTIVE MUTATIONS FOUND IN

THE INFLUENZA A VIRUS POLYMERASE SUBUNITS

5.1 Introduction

The 1918 H1N1 pandemic is one of the most impactful events in human history
The outbreakausednillions of deaths worldwide andlas a significant catalyst that
initiated intensescientific investigation intpathogensThis pandemiovasmarked by
three wavesvith highinfectionratesandmortality. The first wave occurred in the
summer of 1918, the secondtire autumn, andhethird in the middle of the winter. The
second wave showed the highest rates of infection and the highest mortality. Numerous
factorsmight havebeenresponsible fothe severity of the second wawus;ludingthe
potentialadaptation of the virus to humans. Retrospective studiescoafiemedthat the
second wave had the highest absolute mortality when controlling for other variables
(Pearce et al., 2011interestingly, the third wave was less deadly than the seddad. |
thought thathe virus became less virulent over the course of the pandemic. A decrease of
virulence explains the reduced mortality seen in areas that were affected significantly
later in the pandemi@earce et al., 2011)he virus continued to circulate worldwide
after the pandemic with significantledreased mortality ratelthough the exact details
of the origin of the 1918 virugmain unknownit is widely acceptethat H1N1lenteed
the human population through a zoonotic e¥ennh an avian origir{Barry, 2004; Reid
et al., 1999)

Understanding the barriers that limdonotictransmission of 1AV igritical for

the implementation of approprigbandemic preventiostrategiesCurrently,the mouse
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infectionmodelprovides a platfornto investigte the adaptations of IA a new hosin
a controlled setting. Initial adaptation to a neest typicallyimproves viral replication,
increadng viral load andrirulence.Host adaptatioim controlledlaboratory settings
promotes the accumulation of mations that increase the replicatiiteessof the virus.
By contrastpatural infectiongre more restricted by transmissiéecordingly, in
natural setting the virus is both selectedr&plicative fithesandtransmissibility This
may result in virgesthat are less virulent but momransmissibléGhafari et al., 2020)
IAV genoms exist inaconstanstate offlux, accumulating cloud of genotypes
known as quasispeciéBull et al., 205). There areseveralfactors that increaddV
genomic diversityThe first variable is theegmented nature tielAV genomewhich

enables reassortmenit genone segmentbetween genetically distinct virus€senetic

reassortment requires one cell to be infected with the two distinct viruses to enable the

production of viruses with distintitybrid genomesHowever,reassortment is limited by
intersegment RNARNA interactions during packaging and within the vir{@adonaite
et al., 2019; Phipps et al., 201The creation of new viruses with hybrid genomes is
termed antigenic shiffhesecond origin of IAVgenomic diversitys thehigh error rate
of the viralpolymerasewhich has anutation rate of 1.8x10s/s/r,leading to 23
nucleotide mutations each time the genonmsed(Pauly et al., 2017)he
accumulation of mutations over time that changes the antigenic properties of viral
proteins is termed antigenicil. Most mutations are detrimental to viral replication.
Some of these mutations destroy critical functions of viral prote2nslering thenutant
virus unfit. By contrast, sme mutations providenaadvantagehat allows them to

outcompete other genotypes and become fixed in the populBetshaw et al., 2011;
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Visher et al., 2016)The higherrorrateof the polymerasg aids viral replicationwith

higher fidelity polymerase mutants showing a marked reduction in viral fitmesd
culture(Cheung et al., 2014Beneficial mutations may increase viral polymerase

activity, confer resistance to antiviral drugs, improve transondsetween hosts, expand
host tropismevadeadaptive and innate immune responses, evade host restriction factors,
orimprove utilization of host factoi$-orbeset al., 2012; Gu et al., 2019; Koelle et al.,
2006; Rambaut et al., 2008)

Mice are inexpensive models for IAV adaptation studies wittige diversityof
available reagents and toalgailable to study the virus in this modeecades of mouse
modelresearchhas yielded countless antibodies against mouse fargieting numerous
gene knockout mouse lines, extensive anatomical knowledg&ehdstablished
protocols in mouse husbandhjice arenota natural reservoir species for IAV and are
not realily infected by this virus. When mice are infected with clinical isolates of 1AV,
theytypically are asymptomatic during tleeurseof viral replication(Hirst, 1947) The
virus still replicates in thapper and lower respiratory tracts of the mitasymptomatic
infections Meanwhile,mice infected with amdapted viruslisplay morbiditywith
similar pathological consequences seen in human infe@weet & Smith, 1980)

There are numerous adaptation mutations required for the virus to replicate
efficiently in the mouse lundgMouse adaptation mutations have been identifiedany
viral proteinsand most frequentliyn HA (Brown, 1990; L. Xu et al., 2011; Zheng et al.,
2010) HA binds to sialic acid (Macetyl neuraminic acid) receptor on the cell surface to
initiate receptome di at ed endocytosi s. Sialic23acid

o r -2,8bond which is found on oligosaccharide modifications on glycoproiginXu
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etal.,2011) Human | AV pref er e 6linked diajc adidiresidues t o t
found on mature glycoproteins on the plasma membveinereasavian IAV
preferentidl y b i23disnkKled si al i-46 sialic acd is predonkimarghe s . U
found in the upper respiratory t+2agalic (naso
acid is primarily in the lower respiratory trabt@nchi, alveoli). Infection of thapper
respiratory tract enables transmissafrvirus between individuals through contact and
respiratory secretionés IAV only infects individuals for a short period of timaV
must maintain transmission between infected individuals and theratonainsU-2,6
sialic acid tropismFor the virus to infect and maintain transmission in an orgam#syh,
receptor affinity must be compatible withthest The mouse | ung does
2,6-linked sialic acid modificationgherefore most adaptationshA change the
receptor prefer enc-2,3diabc adidHimkag@lbrigevicleyal.,abundan't
2006) Severamouse adaptation studies have identifiedRB22Gsubstitutionin the
receptor binding domain (RBm®f HA (L. Xu et al., 2011; Zheng et al., 201@yvian
IAVs occasionally enter the human populatiinere they can cause severe disease
These avian viruses fail to establish huA@humantransmission because they do not
replicate to high levels in the upper respiratory tract and subsequent release and
transmission. Avian | AVs must -3a@dgpliciacide mut a
linkages to establish humao-human transmissiofHerfst et al., 2012)

Further host adaptation mutations are requindtie viral polymerase to
overcome barriers between hostslymerassfrom avian IAVs struggle toysmithesee
RNA in mammalian cells because of species differences in acidic nuclear phosphoprotein

32A (ANP32A). ANP32A is an essential host factor for viral polymerase functioman
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IAVs generally harboa glutamic acid at the 6%&mino acid oPB2(PB2E627) that
restrids polymerasactivity in human cell ling, with the E627K mutatioconferring

high rates of polymerase activity in human c@lsW. Davis et al., 2020; Ek et al.,
1993; J. Li et al., 2009ANP32A has been identified irecent crystal structures of
influenza polymerase heterodimers, identifying it asaffoldfor the formation of
heterodimeric polymerase compleX€arrique et al., 2020PB2K627is able toutilize
mammalian ANP32A during viral replicatiowheread®B2 E627 utilizes avian

ANP32A. Theefore, theE627K substitution is critical for the adaptation of avian IAV to
mammalgMehle & Doudna, 2009)The E627K mutation has been recently identified in
humanH5N1 isolatesindicating rapid adaptation to the human lWéglkers et al.,

2019) Thesestudies show thaheviral polymerasesan adaptatiorotspot harbouring
mutations involved in the zoonosis of influenza viruses.

Cara MacRagan honours studehitr om Dr . Todd Hatchetteds
University), passaged a clinical isolate from tH&N1 swine flu outbreak in 2009,
A/California/07/2009 (H1N1) (CA/07), inissWebster micdl0 timesto adapt the
virus to optimally infect the moug&laine et al., 2018 he initial cohort of mice were
infected with 2x18 TCIDso units of CA/07 in 50 pL of PBS. The lungs were harvested
from infected mice on 3 dpi, homogenized, and used to infect a new cohort of mice. This
was repeated 10 times before the virus araayzed for adaptation mutatiorBerial
passaging is a wellstallished technique for adapting viruses to a new (tdstfst et al.,
2012; Sutton et al., 20143erial passagintAV in mice is requiredor adaptation, and
experimentgypically range betweerb and10 passagefGuo et al., 2020, p.; 2lyushina

et al., 2010; Matsuoka et al., 200Buring passaging, virus is harvested from the mouse
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lungat 3 dpi and used tmtranasallyinfect the next cohort of mic&his artificially
selects for the most replication fit virus bypasdir@gmsmissionMice lost significantly
more weight by passage 10 compared to the first pagsape1A) (Slaine et al., 2018)
Cara analyzed the TCHyfrom lung homogenatesver the terpassages and saw a
marked increase in viral replication at passage 7 and furthermore another spike in viral
replication at passage(Big 1B). The adaptation of IAV to mice can also change its
tissue tropismwhich can contribute to pathogenesis. For edamyral antigers were
previously identified in the olfactory bulb in the central nervous system (CNS) in mice
infected with mous@dapted virugLeyvaGrado et al., 2009)n these experimentsiV
likely enteedthe CNS through retrograde transport through olfactory neurons found in
the nasal passag@RBeinacher et gl1983; Sun et al., 2010)ccordingly, Caraharvestd
infectious virus from brain homogenai&sg 1C), which indicated that CA/GKA
disseminated into the mouse brdmChapter 4, | calculated the MIspof CA/07-MA to
be ~3 infectious virions to lkeally infect a mouse. Previous work showed that the
parental CA/07 virutiad an MLDso of ~2x1( PFU (Zheng et al., 2010)This indicates
thatthe CA/07-MA virus is ~6x108 times more lethal in mice than its parental vjrus
which is consistent with the idea thaboratoryadaptation increases virulenicemodel
organisms

In this chapter, | characteridéhe A/California/07/2009 (H1N1nouse adapted
(CA/07-MA) genome tadentify adaptive mutations amtkterminetheir molecular
contribution to adaptatiof.he work in this chaptavaspublished in theeer reviewed
journal AVir us e s ofromthal pulsicatiosvere perfoenedy wteen t s

memberof the McCormick lal{Slaine et al., 2018pr. Denys Khaperskyy and Mariel
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Kleer performed everalexperimentsand their experimentsill be examined in the
discussionl identified all mutations present in CA/@MA using thelllumina sequencing
platform.Deep sequenciniie virus allovedunbiased characterization of viral
guasispecies. | then further analgzke location aneffects of the mutations on viral
proteins. | identied novel host adaptation mutatiomsthe viral polymerasand
describd their effects on viral replication. Identification of host adaptation mutations

maylay thegroundworkto identify new hospathogen interactions.

5.2 Results
5.2.1 Swiss -Webster Mice Lack Functional Mx1

Inbred miceoftenhavedeletionsn the Mx1gene which isa potent antiviral
restriction factor that ispregulated by interferoffhe deletionsypically remove large
sections of thdix1 ORF rendeng the proteimonfunctional Mx1 is alarge GTPase
thatprotects the host againsimerous infections includingV (Haller & Kochs, 202Q)
Mice harbouring Mx1 survive viral infectiortBat would otherwise be lethi mice
lackingMx1 (Grimm et al., 2007)l characterized the Mx1 allele of Swag¢ebster mice
by sequencing the Mx1 transcripptal RNA was isolated from lung homogenates on
day 3 that were infected with passage 10 CAYX and from MEFscDNA libraries
were generated using an oligo(dT) primer, which converts all MRNA to cIMXA.
MRNA wasamplifiedusing a PCR witlyene specifiprimers usinghe MEF cDNA
library as a templatePCR productfrom the lung homogenate and MEKere resolved
on an agarose gef{Fig 5.2A). The PCR product was then submittedSanger

sequencingo determine the nucleotide sequertsequene alignmentshows that Swiss
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Webster micdnave a ~500 bp deletion in the middle of the Mx1 ORF on one

chromosome, while the second chromosome contains a ~440 bp dieletisimilar

location (Fig5.2A). Both deletiors change theeading frame after the junction. Thew

reading frame changes all downstream amino acids and results in a stop codon just a few
amino acids away from the juncticgffectivelydestroyingMx1 function These data

indicate that Swis8Vebster micare deficient in theestriction factor Mx1.

5.2.2 Utilizing the lllumina MiSeq Platform for Deep Sequencing

| used Illlumina MiSeq to anatg CA/07 and CA/OMA quasispecieMiSeq can
generate up to 25 million reads that range in-380 bp. The advantage of deep
sequencing is the extensive coverage of the genome by sequenabiNhdibrary
numerougimes. Because of thisgrt-generation sequencing captures the entirege
cloud of IAV quasispecietiowever,deep sequencingfruggles to obtain high coverage
of the very 50 andocdcdbatehisd devetoped prinkgd a mp | i c on
amplify all eight genomic segments of IAV that atsmtainthe P5 and P7 Illuman
adaptorsSince the 1AV genome is negative sense RNA, it must be converted to cDNA
before | can analyze or manipulate the sequence.

My forward primer contained the P5 lllumina adaptor and Unil2 sequences
whereaghe reverse primer harbadthe P7 lllumna adaptor and Unil3 sequences
(table5.1).

Viral cDNA was synthesized using the Unil2 primer from total RNA from
infected cells. cDNA was then amplified with the unique forward and reverse primers to

amplify all 8 segments at once, whihe primersitactedthe P5 and P7 adaptors on the
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56 and 36 e rPGRcanpectenerdialy ampliy Ehprter strands of DNA
during the reactionThe PCR was only run for 10 cycles to prevent the shorter segments
andpotential artfactsfrom beingamplifiedduring the extension period of the PGRCR
products were then purified using the Qiagen PCR purification kit, quantified, and
submitted to the IntegratéMicrobiome Resource (IMR) for lllumina MiSeq analysis. |
visualizedthe multi-segment amplificatioPCR producfrom CA/07-MA on a1 agarose

gel to analyze the products of the different segm@ngs5.3). cDNA copies of alB

genone segments were amplifiedut some were amplified poorlinterestingly,

numerous cDNA species were amplifidit were smégr than any genomic segment

(<890 bp).

5.2.3 Deep Sequencing of the Mouse Adapted Viruses Identified
Unigue Mutations

| usedthe lllumina MiSegplatform(San Diego, CA, USA) tdeep sequence
CA/07 and CA/0MA to identify and quantifyadaptivemutations My sequencing
pipeline used modified primers to cover th
the untranslated regions (UTRs) and packaging sequediogifar to Sanger sequencing,
the very 56 and 306 e ndsegreefof canfidenicd whenmellimga r e a
a specific nucleotide. Current bioinformat
3 énds until the chromatogram yields a high degree of confidence identifying the
nucleotide. The Illluminagads were trimmed for quid control with a Q score of 30,
meaning that any read below a 99.9% confidence interval was removed from the analysis.

After trimming, forward and reverse sequences were paired and aligned to each segment

16€



of the reference genome individualljumina reads from the parental virus was aligned

to the reference sequences available for CA/07 from GenBank. The parental virus had in
total 1,125,945 reads aligned across the 8 different genomic segments. CA/07 genome is
13,635 bp in total, which gave an averageerage o0f.0,194reads/baseNumerous
nucleotides were different in my parental CA/07 comparés ¢on B a neferénse

sequence. The MA virus had in total 926,042 reads aligned across the 8 different
segments, for an average coverage of 9r88@s/base fraction of reads could not be
aligned from both viruses due to low/no sequence homolamgynpiled the sequences

from CA/Q7 to generate new consensus sequences gsarieed as eeference fothe
CA/07-MA virus. Several segments were not equally afrgaiduring the PCR step,

resulting in them having lower read coverage than other segments such as the PA
segment. These data compent the agarose gel analyzing the PCR products. Even with
the under representation of PA within the viral population, teeage coverage is well

over 1,000eads providing higltonfidence assessment of the identity and frequency of

each adaptive mutatidifable5.2).

5.2.4 CA/07 -MA Virus Displayed Differential Junction  Sites and
Read Coverage Comparedto  Parental CA/07

During viral replication, only 80% of viral progeny are replication competent,
whereaghe majority ofnewviral particlesare seminfectious particles (SIP) or defective
interfering (DI) particlegBrooke, 2017)SIPs are created from the failure to fully
package all 8 genoasegmentsSIPsareonly replication competent if they are

compkmentedby anothewiral particle that is fully infectious gsrovides the missing



genone segment$n transto support viral replicatiampproximately90% of viral

particles are unable to initiate mudtycle infectiongBrooke et al., 20135IP production

is thought to be universal across all IAV infections and is minimally affected by host
factors. Accordingly, SIPs are observed across different cell lines, animal models, and
their creation is independent of MOI.

DI particles were first dicovered 60 years ago as a produgtassaging virus at a
high MOI. Like SIPs,DI particles require coinfection with fully infectious partictes
propagate themselve3l particlecoinfections interfere with the replication cycle of the
fully infectiousvirion, essentially parasitizing the replication of the fully infectious virus
DI particles contain defective viral genomes (DVGSs) that have large internal delations
oneormoreof t he vVviral s egnpackdgiegequerniceth. R. Davisn 56 a
et al., 1980) Theinternally deleted genome sagntscan outcompete their fulength
genomic segment counterpadisring cCRNA and VRNA synthesis. The rapid production
of the shorter genome segments can produce higher number of DVGs, which can
overcome the number of fdbngth segmentVGs alsointerfere with segment
packaging duringpudding(Odagiri & Tashiro, 1997)DI particles are generated during
bothin vitro andin vivoinfection(Saira et al., 2013)llumina sequeniag identifies the
location and frequency of deletions in genome segmalhbsving me to enumerate
DVGs in prepared cDNA libraries

| quantified the DI particles present in both virus stobkaneroudllumina
sequencingeads spanned junctions of DV@®#)ich generate DI particles if they are
incorporated into a budding viridBrooke, 2017; Nj et al., 2008pI particles can be

guantified through deepequencing viral stocks or total RNA from infected célls.
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aligned lllumina reads to the consensus sequence to identify and qidrgdyticles in

the viral populationThe reads covedt h e 5 6 a n d, spamingsthee guncegonsc e

where the internal sequences were deldtgdantifed the DI particle population in both

the parental CA/07 and CA/EMA virus populationsl enumerated the number of reads

that spanedthesedeletionjunctions withreadsalignng t o 56 a(fable 36 seqlL
5.3). Interestingly, CA/OMA had more reads span the DVG junctions than the parental

CA/07 virus. The majority of DVGs for both viruses were identified in the first three

segments, with PB2 having the highest number oGQ¥hctionspanning reads. |

mappedll the detected deletonsonh e 56 and 36 junctions are
CA/07-MA on the viral polymerase segmeliisg 5.4). | selected the polymerase

segments since the majority of DVGs originate from the timgte segments.

Interestingly, The CA/O‘MA virus showed unigue junctions compéto parental

CA/07.
5.2.5 Identification and Quantification of Adaptive Mutations in
CA/07 -MA

Numerous mutations were identifiadd quantifiedhat were above 1% abundant
in CA/07-MA when compared to parental CA/@@nsensus sequen@eable5.4).
Several mutations were also identified between the parental virus and the reference
sequence, this is likely from genetic drift and the adaptation to cell culture condimns.
mutations were identifietcht he 56 a n thth8 gackdgihdsequenaefseither
viruses | found a significant number of mutations when | compared GM®7to

CA/07, almost all of which were roughly 1% abundambund four synonymous



mutations inCA/07-MA that did not alter the predicted primary amino acid sequirate

were above 50% abundance in the populafievo were found in PB1, one in M, and

one in NS. By definitionthese synonymous mutations do not change the seqoktime

protein. Theeffect of these mutations on viral adaptation is difficult to assesgo their

subtle effectsHypothetically, these synonymous mutations may have arisen through

codon optimization to the murine tRNA podhe adaptatoh o t he new host 6s
pool hasheen demonstrated previouglyo et al., 2020; Wong et al., 2010hese

synonymous mutations may alsaMeeffects m viral RNA secondary structuye

metabolismand innate sensing

| identified 11 nonsynonymous mutations that were greater @& abundanin
the populationlllumina MiSeq, unlikeSanger sequencing, all@dme to quantify
mutations thatvereless prevalent, allowing me tonfidentlyidentify mutations that
wereat 1% or greatembundane. | identified mutations in PB1, HA, NA, and M
segments that were less than 50% abunidahe population. Mutations that exist at
lower frequencies contribute to the quasispecies of the virus and may have a functional
role during replicationHowever the drawback of using lllumina MiSeq is that reads are
on average 150 bp in length, prevegtme from determining whether these mutations
exist together on the same RNA species, or exist independently.

Five mutations existed at 50% or greater abundance in the viral poputation.
thesefive nonsynonymous mutations, three resldie HA (N156D, 983P, and D222G)
while the other twaverefound in PA(E18G and E349G)'he amino acid sequence of
HA is annotated without the signal peptide, which is 17 amino acidsTied222G

substitutiorresidedn the RBD, whichwaspreviously identifiedn other mouseadapted
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viruses(Belser, Jayaraman, et al., 2011; llyushina et al., 2010; L. Xu et al., 2010; Zheng
et al., 2010)Here, the authors note that tharental strain haanMLD s0=2x1® PFU,
while the virus harbouring just the D222G substitution had an 3150 PFU(Zheng
et al., 2010)The authors of this study demonstrated D222 shoved preferencdor U-
2,6 sialic acid, whil&5222 showd similarpreference fot}2,3 andJ-2,6 sialic acid
linkages(Belser, Jayaraman, etal., 20lT1)h e mouse | un-@3gafliclagid cont a
linkages, providing strong selection on the D222G substitution.

The other two substitutiorthat | identifiedin HA werenot as well studiedand
their consequece on receptor binding and fusogenic propergesainunknown.The
S183P substitutiowasidentifiedin a previous study with mouselapted CA/04
(llyushina et al., 2010)lyushina and coauthorsoted an increased affinitgr U-2,3
sialic acid linkageand a decreased affinitgr U-2,6 sialic acid linkages in the mouse
adapted HAHowever the HA also harboured the D222G substitutiord #he authors
did not investigate S183P alone. Because of this, it is difficult to ascertain the exact role
of S183P has on receptor affinity and subsequent host adaptation.

TheHA N156D substitutionidentifiedin this experimenis unique to this study
and its effecbn receptor binding or fusiae unknown.The rapid fixation of these
mutations over the 10 passages indgateevolutionary advantageompared tavild-
type sequenceBecause the HA substitutions that arose during mouse adaptation have
been intensively studied, | decided to focus on the substitutions in the polymerase
subunits.

| identified four mutations in viral polymerase subunits PA and PB1 that had

higher than 25% frequency in the mouse adapted virus population. The PA segment had
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two mutations that resulted in E18G and E349G amino acid substitutions. Both mutations
reached over 99% abundance in read frequestmmwing complete fixation of the

mutation in 10 passageashichindicateda strong evolutionary pressure on these sites.
Interestingly, the parental virus also had the E$88stitution but at ~10% abundanae

the population. The PB1 segment had two mutations that resulted in T156A and F740L
amino acid substitutions that we368% and 49.9% prevalent, respectiv@fig 5.5). The
E349Gsubstitutionhas previously been identified in both A/Puerto Rico/8/1934 (H1N1)
and A/chicken/Hubei/01/1999 (HON®&Rolling et al., 2009; Z. Zhang et al., 201In

both viruses, the polymerase mutation enhanced virulence in mice.

5.2.6 All Identified  Adaptation Mutationson the RdRp are

Surface Exposed in Viral RARp

To further investigate the mutations identified in the viral polymerase complex, |
mapped all fousubstitutiondo, at the time, the only available 3D crystal structure of the
IAV ternary complexPflug et al., 2014Mapping the substitutions identified in this
study onto the bat influenza Allittle yelleshouldered bat/Guatemala/06012
(H17N10) bound to an RNA primer (Protein accession humber: 4WSB)aliow to
visualize whether the amino acierefoundon the surface of the proteinteracting
with another subunit of the viral polymerasee|f they were buried in the ternary
complex.All four mutationswere exposed at the surface of the proteimplex The two
PB1substitutionsveredistant in primary amino acid sequenbatclose in proximityin
the 3D crystal structurandclose tathe PA interface. The F740L mutatiarasin the G

terminal PB2 interacting domain of PB1. The F740L mutatiodedaect contact with
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the PA endoribonuclease domain in the crystal strudiluenina MiSeq generates short
reads that preveatl me from identifying whether the T156A and F740L mutatexist
togethelin cis, or if the mutations are independent of each offfee.two mutations may
work in concert with each other on one molecule of PB1 but determiningahis
require longer sequencing reatdibe two mutations identified in Pierefixedin the
population at 99% abundance, ensuring that both mutations are present on each molecule.
The PA E18Gsubstitutionwaslocated in the Nerminus of the protein and close to the
PB1 T156Asubstitutionin the 3D crystal structure. The E348Gbsitution in PA is
surfaceexposed and is not close to interacting with the other subunits of the viral
polymeras€Fig 5.6). Further crystal structures have been generated redently
A/NT/60/1968 (H3N2)Fan et al., 2019) andyzed the localization of the four
substitutions identified in this study and all show identical localization as the bat

influenza trimeric complex analyzed kigure 6

5.2.7 Generati on the Infectious Clone of CA/07
| generated the infectious clone of & using the HW2000 reverse genetics
system. IAV has a negative sense RNA genome, wdaohotdirectly generate
infectious progenyrom a DNA vector.| generated cDNAibrariesof all eight segments
using the Unil2 primer for the reverse transcription reaction. Each segment was
individually PCR-amplifiedfrom the cDNA library using segment specific primers that
contained BsmBI or Bsal restriction sites. BsmBI and Bsal restrieti@agmes are used
inascaf ree cloning techniqgue common(Englerr ef er r e

et al., 2009)Both BsmBI and Bsal are type IIS restriction enzymes that recognize non
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palindiomic DNA sequences and cleas@veral nucleotiddseyondthe recognition
sequencegnablingdirectional cutting outside of the restriction site that allows-Bear
cleavage and directional insertion into the pHW208€tor(E. Hoffmann et al., 2000)

The inserted viral cDNA iddinked byanRNA polymerase (Pol 1) promoter that
generates the negative sense genome segmen
pHW2000 plasmid also contains RNA polymeras@tl 1) promoter on the opposite

flank of the viral cDNA to create positive sense viral MRNA, encoding the protein on that
segment. Viral ribonucleoproteins NP, PA, PB1, and PB2 are then trarfstatettie

MRNA, which translocate to the nucleus @oedhplexwith the negative sense RNA

generated by the Pol | promot&. Hoffmann et al., 2000The VRNP then further

initiates transcriptiofirom the negative segments. The genome then undergoes

replication and the genomic segments along with viral proteins are packaged into budding

virions, resulting in the creation of recombinant infectious progeny.

5.2.8 Generation of Mouse Adaptation Mutations in PA and PB1
Using Site Directed Mutagenesis

The construction of the infectious clone of the parental CA/07 virus edlave
to study specific amo acid substitutions in the viral polymerase complexasable to
introduce each individual substitution, or paisetbstitutionsinto the coding sequence.
This allowed me tassay the polymerase activity through a minigenome replocon
rescue virus harbouring the specific mutatitordurther testingThe parental CA/07
virus had the E18G mutation present at 9.9% abundanite populationinterestingly,

G e n B aneferénse sequen¢bC_026437¥or the PAsegment had this aminoidc
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annotated as Andicating that this sitevaslikely variable during the initial sequencing
of the viral isolateThis could be due to the adaptation of the reference strain to cell
culture or egg adaptatiodhen | cloned the PA segment from cDNA gexted from
parental CA/07, the PA segment contained the E18G substit8iimre the parental
strain was heterogenusat this site] decided tause theG18 variantfor all future
experiments. The E349G mutation was substituted into PA, and each PBbmwizi
introducednto individual constructsandone construcivas generated thaarboued

both the PB1 T156A and F740L mutations.

5.2.9 PAE349G Enhanced Viral Polymerase Activity inthe
Minigenome  Replicon Assay

| used the firefly luciferase minireplicon assay in human HEK 293T and mouse
L929 cells todetermineghe effects of adaptation substitutiamspolymerasectivity.
This assay quantifies the amplification and expressi@areporteby the polymerase
proteins in a model cell linélhe assay requiddransfection of 6 plasmids into one cell.
The first four plasmids expressed the mRfgAthe three viral polymerase subunits and
NP. The fifth generatka negative sense RNA that encotlesuciferaseenzymeon its
positive sense mMRNA. The reportpPoll-WSN-NA-firefly-luciferasecontairedt he 3 6
and 56 sequences from t ASNBAHINE),gvmehmst or i gi
expressedrom the plasmid using host RNA polymerasdhe RNA Pol | promoter
geneatedaviraHl i ke RNA t hat amwialrgenonte sdgheat Widi le@ dt h e
endis generated by a Pol | terminator sequgfieeVelthuis et al., 2018Yhe NA ORF

has ben replaced by an ORF encoding luciferasas franscript is negative sense to the
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MRNA and contaieda 5 6 t r (Pledthka b dl.,aP®)eThe viral polymerase
recognizé this negative sense transcript and synthedize positive sense mRNA that
h ar b o ucapsThismRNA is then translated by host ribosomes and produces
luciferase Luciferaseghencatalyzel a light producing reaitin usingluciferin substrate.
The release of lightvasquantified by a spectrophotometer. The last plasmid exddbe
Renilla luciferase thactedasa transfection control tha expressethdependent of
viral polymerasectivity (Te Velthuis et al., 2018)

| first tested the minigenome replicon in human HEK 293T célis.
minigenome replicon creates the negative sense RNA of the luciferase reporter that
complexes with val polymerase subunits to form VRNPs. The polymerase replicates the
luciferase RNA as it directly mimics VRNA and expresses luciferase as an mRNA.
Adaptation substitutions in the polymerase complex can increase the polymerase activity,
which directly corrtates with higher expression of luciferase, which in turn can be
guantified.Constructs harbouring the mouse adaptation mutations were normalized to the
parental wildtype constructs. The PB1 T156A and F740L substitutions had no effect on
viral polymerasectivity when introduced alone, or together when compared to the
parental polymerase. Interestingly, all reactions harbouring the PA E349G mutation
showed an increase of viral polymerase activity by 2f@(Fig 7B). | then tested the
effect of polymease mutations) the murine L929 (L) cell linéo determine whether the
polymerase substitutions have spe@pscific effects on RdRp activitfhe mouseRNA
Pol | promoter for murine species is significantly different tonthmanPol | promoter,

accordngly | used thggHL-NS-FFLuc reporter construct to quantify viral polymerase in

the murinecellsHer e, firefly luciferase i sthef | anked
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NS segment from WSN and its expression is driven by a murine Pol | proirikéer.
human HEK 293T cells, the PB1 T156A and F740L substitutions did not increase viral
polymerase activity in the murine cell line. In the mouse cells, the E349G constructs
increasd viral polymerase function b4 to 16fold (Fig 5.7C).

| then harvested total g@tein from transfected celts analyzeviral proteins to
ensure that the adaptation mutations did not affedranslationof viral proteinsAll
constructsaanalyzedn this experiment did natignificantlyincreaseviral protein
accumulationn 293T cellg(Fig 5.7D).

The PA E349G substitution significantly enhanced viral polymerase activity in
both mammalian and murine cell lines, while the PB1 mutations had little &ffed,
the true effects of the PB1 substitutions remain unknown, with potential effects being
missed by the minigenome ass@fie PB1 mutations may still modulate polymerase

functionor viral replicationin vivo.

5.2.1 0 Recombinant  Virus Harbouring the Polymeras e
Adaptation ~ Mutations in PB1 and PA Replicated Efficiently in

Mouse Cells

There are numerous limitations of the minigenome replicon assay, the most
impactful of which is that it does not perfectly mimic infection. Reconstituting the virus
harbouring thenutations is the best way to fully characterize the mutations on viral
replication.l createda recombinant CA/07 virus that contained the three polymerase
mutations PA E349G, PB1 T156A and PB1 F740L. The pareGml07 virus was also

generated in parall@s a control virusThe virus harbouring the three amino acid



mutations is hereafter referred to as CARX, PBXMA. Both rescued viruses were used
to infect MEFcellsat alow MOI of 0.1.1 measured virus production and viral protein
accumulation froninfected cells from both the parental CA/07 and CARK, PB1-MA.
The CA/07-PA, PB1-MA virus grew tosignificantlyhigher levels in MEF cells

compared taheparental CA/Q7 virus. The orstep replication kinetics of the virus
showed 721 times higher virsi production at 18 higFig 5.8A). Interestingly, the virus
yield was only 26 times higher at the 12 and 24 hpi time poilmfection was quantified
using immunofluorescence to ensure equal rates of infectiod By. Taken together,
these data indicate PA E349G mutation increases the Géglication inmouse cell

lines, independent of viral attachment.

5.2.1 1 Bioinformatic Analysis of Clinical Isolates of HIN1
Shows Low Abundance of PA E349G

The PA E349G adaptatianutation showed a modest increase in polymerase
activity in human cell lines. Advantageous mutatitret increase fithess typically
become fixed in circulating strains of the virus. | analyddil1 PA sequencefom
humanisolates from 2009 to 201@ determinethe prevalence of the E349G mutation in
circulatingstrains Out of 8,453 sequences analyzed, onigdates (0.03%) harboured
the E349G mutation®/Netherlands/602/2009(H1N1), A/Chita/CR&2009(H1N1),
and A/Singapore/GP3667/2010(H1MIfhethree identified isolates were
geographically distinctRussia, Netherlands, and Singappaad were isolated in 2009
and 2010No clinical outcomes were publicly available for the infected individuals.

Hypothetically, if this mutation was beneficial farusesin the human population, the
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mutation wouldhave become fixeh the genomand show a&ignificantlyhigher
abundancevorldwide These datauggesthat the PA E349G mutation provides an
advantage to the IAV polymerase in murine cellgitro, butnotin the human

population.

5.3 Discussion

IAV must overcome several host barriéusing zoonotieeventswhile replicating
efficiently and successfully spreading to a new Hosthis chapter,CA/07 was
experimentally adapted to replicate in Swigsbster mice. This adaptation process was
controlled in a laboratory setting under the appropriate biosafety protocols in a host that
cannot maintain transmissiohhe mechanical isolation and subsewqinfection
bypassed the bottleneck of transmission, actively selecting viruses that are most fit for
replication(Ghafari et al., 2020B5wissWebster mice are considered outbrad are less
well characterizethanother murine modeld.demonstrated thahé SwissWebster lack
proper expression of threstriction factoiMx 1 protein. Passaging the virus from luttg
lung allowed the accumulation of mutations required to adaptithe to optimally
replicatein the mouse lungSerialpassaging of virus from mouse lung to mouse lung
bypasses the selective nature of transmigsimugh direct intranasal infection with
virus harvested from infected lungdhe advantage of passagingug in thein vivo
model isthe morefaithful representation of humadissuearchitectureand innate immune
responses that maintain evolutionary pressure, while passaging virus in murine cell lines

or eggdoesnot presenthe same evolutionatyottlenecksPassaging the virus resulted
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in an increase in viral replication, pathogenesis, and dissemination into the brain of
infected mice.

| usedillumina MiSeq to deefsequence parental antbuseadapted viruseand
identified all mutations present in both ganes. lwasable to sequence all eight genome
segments of IA\6&imultaneouslyand quantied the abundance of all mutatioasand
above 1% abundance. Furthermore, | queattthe presence of DV&in the population
and identifed where the junctions are dhe segmentand the number of reads at each
site By adding the Illlumina P5 and P7 adagtequences onto the forward and reverse
primers toamplify the viral segments, | was able to captureshe and 36 most se
in the viral genomé¢hat encompass the UTRgound severaimutations in HA, most of
which hal previously been identifieth other mousadaptatiorstudies| identified the
viral RdRp as the site foeseraladaptatiormutations, some of which were unique to this
study One mutation, PA E349G, displayed significantly increased polymerase function
in the mintreplicon assay. This study highlights key biological functions in the viral
RdRp that are essentfalr host adaptation.

One limitation in my analysis that restrictery ability to detect all viral
genotypes was deep sequencing thegrggvn stock of CA/OMA. This single passage
in eggscould have reduced the genetic diversity of CAKIK by selecting progeny that
replicate favourably in the egg instead of the moBs&vious studies have demonstrated
rapideggadaptation by H3N2 duringropagation for vaccine producti¢dost et al.,
2017) To capture the true cloud of genotypes generated by adaptation to the mouse, |
could havebypassed the egg inoculation step gaderated my cDNA librargirectly

from the lung homogenate from passageFLOthermore, gnerating cDNA libraries
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from purifiedviral particles from the supernatant would enable me to determine the DI
fully infectious particle ratio. However, recent work demonstrated that DVGs are poorly
packagednto budding viriongAlnaji et al., 2021, preprirBioRxiJ). DVGs arethought

to inhibit virus replication by impairing synthesis of new viral genomes and the
packaging of genomic segments into budding viriemgrestingly, deep sequencinf
parental CA/0O7and CA/0ZMA stocks showed that the CA/MA virus had more DVGs
present in th@opulationwhereadater experiments completed by Dr. Khaperskyy
indicatal that CA/OZMA produces less DVGs.

IAV requires host translation machinery to synthesize viral proteins. Viruses often
optimize codon usage to matahailablehost tRNA poolgLuo et al., 202Q)I identified
several synonymous mutations that arose to ~99% abunite@é¢07-MA.

Synonymous mutations do not altee primary amino acid sequence. Previous reports
have indicated optimal codon usage as a means of adaptation tdhasté®@ofii et al.,
2012) There is strong negative selection against CpG islands as they are
immunostimulatory in mammalian speci@sth significant synonymous mutatiofeund
in mammalian adapteavian IAVs.CpG islands are recognized by the innate sensors
Toll-Like-Receptor 7 (TLR7§Greenbaum et al., 2009; Leab al., 2020; Wong et al.,
2010) All synonymous mutations identified above 70% prevalence reduced@e C
content of CA/OMA. With this information] hypothesize that these mutaticaikw
optimalutilization oftRNA pookin the new host and reduGpG content of viral RNA.

| identified severahonsynonymousutations in the HA glycoprotein. These
mutationswereexpected, as the sialic acid preference of the virus must switcHkf

sialic acid toJ-2,3 sialic acidduring adaptationMice do ot expresd}-2,6 sialic acid in
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their respiratory tract, creating a strong selective pressure for the virus to change its
preference t&}-2,3 sialic acid. | identified the previdysstudied D222Gsubstitutionin
HA, which hal beendemonstratetb increasd}2,3 sialic acid preference. Interestingly,
the parental CA/07 virus harbored the D22®Bstitutionat ~53% abundance and was
fixed at 99.5% during the passaging of the virus in the [lihg.D222Gsubstitutionwas
identified in two similar CA/04 mousadaptation studiehe 2229 amino acid of HA
has also been investigated during the adaptation of zoonotic viruses entering the human
population. Retrospective investigation into the 1918 pandemic highlighted a G222D
substitutionin clinical isolates froninfected individuals over time, to switch its
speci fi cit y26silic achl bnkagegSteaens ethl., 2006Jhese data
indicate that CA/OMA adapted to the sialic acid linkages prevalent in the mouse lung.

| identified three mutations in the viral polymerase, with the PA E349G
substitutionbeing previously reported to increase virulence in r(ligashina et al.,
2010; Z. Zhang et al., 2011, p. Zwo of the identified mutations in PB1 were less than
50% abundant irhie population. lllumina MiSeq technology generates reads that are on
average 150 bp in length, which restricts my ability to confirm whether these mutations
exist on the same RNA strarfelture research could utilize the PacBio sequencing
platform that geerates long sequencing reddsm a single strand. PacBio reads would
allow me to identify whether the two mutations are foundéhasisor in trans.If the
mutations arisén parallelwith each other, then theégteract witheach other.

| have shown thahe PA E349Gubstitutionsignificantly improved both viral
polymerase activity and replicatiomvitro. The PA E349G substitution showed a

significant increase in viral polymerase activitjthe minigenome assay. This assay
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effectively quantifies the expression of a reporter conshytte viral polymeraselhe
limitations of the minigenome assmythatit does not include other viral proteins that
may dfect polymerase activity or translation, such as NS1 or NEP. Prewiokshas
also indicated that polymerase substitutions that result in increased polymerase activity in
the assay do not always equaténtreased virulence in mi¢gBussey et al., 2011)
Further investigation of the E349G substitution in the minigenome assay should include
analysis of polymerase activity in avian cell lines. This substitution may increase viral
polymerase function iavian hostsl demonstrate that recovered virus harbouring the
PA E349G substitution replicao a significantly higher degree than the parental virus
in model murine cell linesThe recombinant CA/GPA, PBXMA virus harboured the
PB1 substitutions as welnaking it difficult to confirm that the PA E349G substitution is
solely responsible for the increased replication of the virus. Even with this, the data
supports enhanced viral polymerase activity in murine cell lines from the mutations
identified in ths study.Thus, | havadentified PA as a hotspot for virus adaptation.

My investigation into E349G as a virulence factor was restrictadibro cell
lines.To further analyze the effects of PA E349Gunulence two cohorts of mice
could beinoculatedwith equalnumber of infectiouparental CA/0br CA/07-PA
E349G. Monitoring mice for disease manifestation through weight loss and other
morbidities would show whether CA/FA E349G virus displays increased viruleice
vivo. Furthermore, BALFould be harvested 3, 5, and 7 dpb&prepared for plaque
assaysl showedthat E349G mutation dramatically increases viral polymerase activity in
murine cells, while the mutation modestly increases polymerase activity in human cell

lines.Analyzing the growthkineticsin the murine lung would demonstrate an increase in
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replication from the E349G substitutidrhypothesize that recombinant virus harbouring
the PA E349Gubstitutionwould replicate to a higher degree than the parental virus.
Work completed by Dr. Denys Khaperskyy showed that CA@Vvviral
genomicvRNA accumulated faster than the parental CA/07 virus. This further supports
that the PA E349Gubstitutionenhanced polymeraseitput The PA segment is also
thought to benvolvedwith DVG production, howver the underlying mechanism of this
remains unknowrfor instance lte PA A638R substitution has been demonstrated to
increase DVG production, while tfA D529N mutation has been shown to reduce the
accumulation of DVG (Fodor et al., 2003; Vasilijevic et al., 201Mterestingly, the
D529N mutation has been correlated véthegative prognosis in clinical settings,
indicating that DVG accumulation may have a protectffectin vivo (Vasilijevic et al.,
2017) Dr. Khaperskyy also demonstrated that the recombinant CRAQPB1-MA
virus generated significantly less DVGs than the parental virus from infected MEFs.
Interestingly, this data complements the dramatic increase in proliferatioh/@7-€A,
PB1-MA in murine celk, with the rescued recombinant virus showing a-fel@®
increase in virus production in MEF celThe presence of DVGB clinical isolates
correlate positively with better clinical outcom@&asilijevic et al., 2017)Furthermore,
DVGs have been shown to impair viral transcription from ¥t genone segments
(Meng et al., 2017)These data indicate that the EB49Gmutationmay reducdVG
production in murine dklines, whichmay havedecreasgthe parasiti®l particle
population As mentioned previously, the number of DVGs was higher in the CKA7
stock compared to parental CA/@irect comparison of DVG production and

accumulation across two different stocks with different passage history does not
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accurately portray DVG productiofhe creation of recombinant viruses harbouring the
PA/PB1 mutations, along with the parental vinugparallel, allowed us to more
effectively control for DVG production and accumulatidine experiment completed by
Dr. Khaperskyy and | was properly controllatbwing theanalysis of DVG produced by
two different virusesThe original stocks of CA/07 dnCA/07-MA were generated using
dramatically different methods, making direct comparisons between the two difficult.
Recent studies show that thet&minal domain of PA contains a homo
oligomerization ge responsible for binding a second trimeric polyase compleXBe et
al., 2017 Carrique et al., 2020; Dadonaite et al., 20H&re, two trimeric polymerase
bind to each other timrm higher order heterodimer complexesough a key loop
structure in PA. This loop structure was found at-358 in PA and interacts with the
samedomain on the second trimeric polymerase complex. Other key residues involved in
dimerization and the formation of the polymerase complexes is amino acid 347, 348 and
351. Disrupting this domain through genetic modification did not affect the synthesis of
viral mMRNA or the creation of complementary genomic RNA (cRNA), but did
significantly alter the synthesis of new viral genomic RNA (VRNAM the cRNA
template(Fan et al., 2019)nterestingly, the 348 amino acid directly flanks this
dimerizationdomain, potentially affecting polymeralmding and functiomn mouse
cells,resulting in enhanced replicatidbr. Khaperskyy discovered that the E349G
mutant virus generated less DVGs compared to the parenta(Slaise et al., 2018)
hypothesizehat the E349G mutation stabilized the dimeric interaction between two
polymerase complexes and aids in the generation etefudjth genorasegments.

Further work should address the effects of the E349 mutation in regulating RdRp
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oligomerization and the bgequent consequences on viral geaogplication. ANP32A
has also been shown to interact with PA during the formatibigber ordeiRdRp
complexes during cRNA and VRNA synthesis. ANP32A is thought to assist in the
scaffolding during oligomerizatiomhefailure to utilize ANP32A as a scaffolthd has
been directly correlated with the failure to synthesize new viRBEXrique et al., 2020)
Accordingly, RdRp oligomerizatiormould also be analyzed across different hosts to
determine if there are hespecific factors responsibfer DVG production and
subsequently viral replicatiofruture research could also investigate the binding affinity
of ANP32A towads PA E349 and PA G348 higher ordeduplexes of trimeriRdRp
complexes.

Using any molecular techniques to modifpathogeniwirus comes withlthe
ethical responsibility to safely investigate adaptation mutations. Several studies in the
past haveadgptedHPAI to ferrets to identify the mutations required for huA@human
transmissionor the reconstruction of the 1918 pandemic Vil et al., 2012; Sutton
et al., 2014) These studies have receivezjativecriticism from the public and
authorities, for te mutations identified in these studasild hypothetically bausedfor
nefariows purposeby bad actorsr result in a lab lealipsitch, 2018) Other projects
have recreated the 1918 Spanish flu IAV to ascertain the virulent origins of the worst
IAV pandemic in historf{Tumpey et al., 2005) think that these projects are essential
becauseinderstanding the molecular mechanisms behind adaptation allows enhanced
surveillance for newly emerging IAV viruses with pandemic potentiatse
experiments must followssential biological containment protocols so this work can be

done safely. | also believe in scientific transparency and open collaboration between
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groups.Here, in this chapter, we adepia human isolate of HIN1 to the weltablished
murine infectiormodel and identifiedeveraimutationgthat likelyenhanced
pathogenesim thenewmodel. These mouse adaptation mutatidkedy reducel the
potential forhumanto-human transmissh of IAV (D222G) and increased polymerase
activity in murine cells. Furthermore, there is no evidence thatiémified polymerase
mutations are naturally selected for in circulating HIN1 viklise are not naturally
infected by IAV and they do supporahsmission of the virus, highlighting that the virus
generated in this study poses no riskatural rodent populationsly thesis research
followed all biosafety protocols for handling a BSlpathogenlAV is extensively

studied, with several vaccinéggforms available to generate active immunity against the

virus.



Table 5.1 Primers used for deep sequencing IAWe lllumina adaptors P5 and P7
sequences were generated with the Unil2 degenerate and Unil3 sequences respectively.
Unil2 and Unil3 sequences are in bold in the fusion pritfherguences ar e i n
orientation This work was published Blaine ¢ al., 2018and completed by Patrick
Slaine.

Primer name Primer sequence

Unil2 AGCRAAAGCAGG
ForwardP5Uni1l2 TCGTCGGCAGCGTCAGATGTGTATAAGAGACARGCRAAAGCAGG
ReverseP7Unil3 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACABGGTAGAAACAAGG
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Table 5.2 Deep sequencing overview for parental CA/07 and CA/. Reads

generated from lllumina MiSeq were trimmed, paired, and aligned to the reference
sequence for the parental CA/07, and the consensus sequence of the parental CA/07 for
CA/07-MA. Alignments wee performed using Geneious R 8.0r8is work was

published inSlaine et al., 2018nd completed by Patrick Slaine.

CA/Q7 (Parental) CA/07-MA
Segment  Length (nt)
eads Average Coverage Reads Average Coverage

PB2 2,341 164,128 9,083 238,586 14,561
PB1 2,341 246,811 11,777 231,591 16,572
PA 2,236 36,512 1,615 19,202 1,047
HA 1,777 144,547 8,653 82,826 6,377
NP 1,565 123,227 7,974 81,618 6,310
NA 1,458 57,397 4,654 33,070 2,746
M 1,027 118,520 11,089 90,245 9,089
NS 890 234,803 26,704 148,904 20,738
Total 13,635 1,125,945 10,194 926,042 9,680




Table 5.3 Hierarchical indexing for spliced alignment of transcripts 2 (HISAT2) analysis
of junction readsPaired reads were trimmed and aligned to reference sequences using
HiSat2 to quantify DVG junctioispanning reads. The relative abundance of junction
reads was expressed as number of reads per million reads aligned to each segment
(RPM). HiSat2 program ference: Bolger, A. M., Lohse, M., & Usadel, B. (2014).
Trimmomatic: A flexible trimmer for lllumina Sequence Data. Bioinformatics, btu170.
This work was published i8laine et al., 2018nd completed by Patrick Slaine.

CA/Q7 (parental) CA/07-MA
Length - -
Segment (M) Total Reads Junction reads Total Reads Junction reads
Reads RPM Reads RPM
PB2 2,341 54,846 1,488 27,131 101,081 10,992 108,744
PB1 2,341 78,165 329 4,209 68,778 1,069 15,543
PA 2,236 9,237 36 3,897 4,079 0 0
HA 1,777 41,576 406 9,765 24,717 96 3,884
NP 1,565 42,013 2 48 27,609 0 0
NA 1,458 17,215 0 0 10,275 0 0
M 1,027 40,315 1 25 31,803 0 0
NS 890 86,919 169 1,944 57,800 25 433
Total 13,625 370,286 2,431 47,019 326,142 12,182 128,604
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Table 5.4 Nucleotide substitutions identified by deep sequen&@eguencing reads were
aligned to reference genomes for each segment as described in materials and methods
section. Differences between the moaskapted CA/O-MA sequence and parental

CA/07 sequenc@MA vs Parental), the mousedapted CA/0-MA and reference

sequence (MA vs Reference), and the parental CA/07 and reference sequence (Parental
vs Reference) found at frequencies above 0.01 are presented in thiel Aabégjuence
includes the 17 amino acsignal sequence. This work was published in Slaine et al.,

2018 and completed by Patrick Slaine.

MA vs Parental

Segment Nucleotide # Frequency ORF Codon# Codon Substitution

1 162 0.013 PB2 54 AGA -> AGG none

1 196 0.012 PB2 66 AUG -> GUG M->V
1 217 0.032 PB2 73 CAA -> AAA Q->K
1 242 0.014 PB2 81 ACA -> AAA U->K
1 244 0.013 PB2 82 AAC ->CAC N->H
1 275 0.019 PB2 92 UCA -> UGA* S-> Stop
1 282 0.013 PB2 94 CUG->CUU none
1 309 0.019 PB2 103 GGC-> GGU none
1 338 0.016 PB2 113 AAG -> AGG K->R
1 340 0.013 PB2 114 GUA-> CUA V->L
1 353 0.012 PB2 118 UAU -> UUU Y->F
1 575 0.012 PB2 192 GAG -> GGG E>G
1 664 0.012 PB2 222 GGC-> AGC G->S
1 807 0.013 PB2 269 AGA -> AGG none

1 1543 0.01 PB2 515 CCC->ACC P->U
1 1928 0.015 PB2 643 UCA -> UAA* S-> Stop
1 2021 0.019 PB2 674 GCA-> GAA A->E
1 2026 0.011 PB2 676 ACU ->UCU Uu->S
1 2142 0.014 PB2 714 AGC -> AGA S->R
1 2187 0.038 PB2 729 GGG-> GGA none
2 78 0.01 PB1 26 GGA-> GGG none

2 200 0.013 PB1 67 AAC -> AGC N->S
2 237 0.015 PB1 79 CCA->CCC none
2 279 0.014 PB1 93 GCU->GCC none

2 466 0.363 PB1 156 ACA -> GCA Uu->A
2 1023 0.996 PB1 341 CCC->CCU none
2 1047 0.017 PB1 349 GCA->GCU none
2 1323 0.999 PB1 441 CUC->CUA none

2 1891 0.034 PB1 631 UUU -> CUU F->L
2 1934 0.011 PB1 645 GUA -> GAA V->E
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2 2218 0.498 PB1 740 UUC-> CUC F->L
MA vs Parental

Segment Nucleotide # Frequency ORF Codon # Codon Substitution
3 7 0.029 PA 3 GAC->AAC D->N
3 9 0.023 PA 3 GAC->GAA D->E
3 53 0.992 PA 18 GRA-> GGA X->G
3 234 0.011 PA 78 AUA -> AUU none
3 246 0.011 PA 82 AGA -> AGG none
3 622 0.033 PA 208 ACA -> GCA Uu->A
3 841 0.015 PA 281 AAG -> UAG* K -> Stop
3 1046 1 PA 349 GAA -> GGA E>G
3 1313 0.014 PA 438 AUC -> AGC |->S
3 1322 0.017 PA 441 AUG -> AGG M ->R
4 302 0.445 HA 101 AGU -> AAU S->N
4 517 0.997 HA 173 AAU -> GAU N ->D
4 598 0.996 HA 200 UCU->CCU S->P
4 1218 0.406 HA 406 CAG -> CAU Q->H
4 1355 0.015 HA 452 UUG -> UAG none
4 1454 0.012 HA 485 UAC -> UUC Y->F
4 1460 0.014 HA 487 AAA -> AGA K->R
4 1472 0.014 HA 491 ACG -> AAG U->K
4 1542 0.01 HA 514 AGA -> AGG none
5 215 0.029 NP 72 GAU -> GCU D->A
5 748 0.013 NP 250 AAC -> UAC N->Y
6 109 0.021 NA 37 UCA->CCA S>P
6 164 0.458 NA 55 ACU -> AAU U->N
6 256 0.029 NA 86 GCG->ACG A->U
6 1120 0.027 NA 374 AUU -> GUU | ->V
6 1173 0.026 NA 391 CAA ->CAG none
7 324 0.705 M1 108 ACG-> ACA none
7 479 0.01 M1 160 CGG->CUG R->L
7 773 0.314 M2 29 GCA->ACA A->U
7 832 0.022 M2 48 FS** FS**
8 474 0.548 NS1 158 GGA-> GGG none
8 663 0.01 NEP 64 AAG -> AGG K->R




MA vs Reference

Segment Nucleotide # Frequency ORF Codon# Codon change Substitution

1 162 0.013 PB2 54 AGA -> AGG none

1 196 0.012 PB2 66 AUG -> GUG M->V
1 217 0.032 PB2 73 CAA -> AAA Q->K
1 242 0.014 PB2 81 ACA -> AAA U->K
1 244 0.013 PB2 82 AAC ->CAC N->H
1 275 0.019 PB2 92 UCA -> UGA* S-> Stop
1 282 0.013 PB2 94 CUG->CUU none

1 309 0.019 PB2 103 GGC-> GGU none
1 338 0.016 PB2 113 AAG -> AGG K->R
1 340 0.013 PB2 114 GUA -> CUA V->L
1 353 0.012 PB2 118 UAU -> UUU Y->F
1 575 0.012 PB2 192 GAG-> GGG E>G
1 664 0.012 PB2 222 GGC-> AGC G->S
1 807 0.013 PB2 269 AGA -> AGG none
1 1543 0.01 PB2 515 CCC->ACC P->U
1 1928 0.015 PB2 643 UCA -> UAA* S-> Stop
1 2021 0.019 PB2 674 GCA-> GAA A->E
1 2026 0.011 PB2 676 ACU ->UCU Uu->S
1 2142 0.014 PB2 714 AGC -> AGA S->R
1 2187 0.038 PB2 729 GGG-> GGA none
2 78 0.01 PB1 26 GGA-> GGG none
2 200 0.013 PB1 67 AAC -> AGC N->S
2 237 0.015 PB1 79 CCA->CCC none
2 279 0.014 PB1 93 GCU->GCC none

2 466 0.363 PB1 156 ACA -> GCA Uu->A
2 1023 0.996 PB1 341 CCC->CCU none
2 1047 0.017 PB1 349 GCA->GCU none
2 1323 0.999 PB1 441 CUC-> CUA none
2 1891 0.034 PB1 631 UUU -> CUU F->L
2 1934 0.011 PB1 645 GUA -> GAA V->E
2 2218 0.498 PB1 740 UUC->CUC F->L
3 7 0.029 PA 3 GAC->AAC D->N
3 9 0.023 PA 3 GAC->GAA D->E
3 53 0.992 PA 18 GRA-> GGA X->G
3 234 0.011 PA 78 AUA -> AUU none
3 246 0.011 PA 82 AGA -> AGG none
3 622 0.033 PA 208 ACA -> GCA Uu->A
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MA vs Reference

Segment Nucleotide # Frequency ORF Codon# Codon change Substitution

3 841 0.015 PA 281 AAG -> UAG* K -> Stop
3 1046 1 PA 349 GAA -> GGA E>G
3 1313 0.014 PA 438 AUC -> AGC |->S
3 1322 0.017 PA 441 AUG -> AGG M->R
4 302 0.445 HA 101 AGU -> AAU S->N
4 517 0.997 HA 173 AAU -> GAU N->D
4 598 0.996 HA 200 UCU->CCU S->P
4 716 0.995 HA 239 GAU -> GGU D->G
4 1218 0.406 HA 406 CAG->CAU Q->H
4 1355 0.015 HA 452 UUG -> UAG none
4 1454 0.012 HA 485 UAC -> UUC Y->F
4 1460 0.014 HA 487 AAA -> AGA K->R
4 1472 0.014 HA 491 ACG -> AAG U->K
4 1542 0.01 HA 514 AGA -> AGG none
5 159 0.996 NP 53 GAU -> GAG D->E
5 215 0.029 NP 72 GAU -> GCU D->A
5 341 0.998 NP 114 GRA-> GAA X->E
5 365 0.999 NP 122 CUA -> CAA L>Q
5 748 0.013 NP 250 AAC -> UAC N->Y
6 109 0.021 NA 37 UCA->CCA S>P
6 164 0.458 NA 55 ACU -> AAU U->N
6 256 0.029 NA 86 GCG->ACG A->U
6 1052 0.998 NA 351 UAC ->UUC Y->F
6 1059 0.996 NA 353 UAU -> UAC none
6 1120 0.027 NA 374 AUU -> GUU | ->V
6 1173 0.026 NA 391 CAA ->CAG none
7 324 0.705 M1 108 ACG -> ACA none
7 479 0.01 M1 160 CGG->CUG R->L
7 773 0.314 M2 29 GCA->ACA A->U
7 832 0.022 M2 48 FS** FS**
8 474 0.548 NS1 158 GGA-> GGG none
8 663 0.01 NEP 64 AAG -> AGG K->R

Parental vs Reference

Segment Nucleotide # Frequency ORF Codon# Codon change Substitution
1 207 0.018 PB2 69 GAG->GAC E->D
1 265 0.011 PB2 89 GUG->CUG V->L
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Parental vs Reference

Segment Nucleotide # Frequency ORF Codon# Codon change Substitution
1 462 0.022 PB2 154 CUC->CUU none
1 696 0.015 PB2 232 UUG -> UUA none
1 1073 0.015 PB2 358 GAA -> GCA E>A
1 1311 0.013 PB2 437 CAU -> CAC none
1 1445 0.014 PB2 482 AAA -> AGA K->R
1 1711 0.163 PB2 571 UUA -> CUA none
1 2052 0.017 PB2 684 UCU->UCC none
2 760 0.016 PB1 254 UUU -> CUU F->L
2 1023 0.297 PB1 341 CCC->CCU none
2 1464 0.067 PB1 488 GGG-> GGA none
3 53 0.898 PA 18 GRA-> GAA X->E
3 53 0.099 PA 18 GRA->GGA X->G
3 183 0.011 PA 61 AUA -> AUU none
3 228 0.014 PA 76 UUU->UUC none
3 1848 0.011 PA 616 UCG->UCA none
4 165 0.019 HA 55 AAC -> AAA N -> K
4 166 0.012 HA 56 GGG-> AGG G->R
4 171 0.018 HA 57 AAA -> AAU K->N
4 172 0.013 HA 58 CUA -> AUA L->I|
4 424 0.473 HA 142 AAU -> GAU N ->D
4 432 0.052 HA 144 GAC -> GAA D->E
4 437 0.068 HA 146 AAC -> AGC N->S
4 511 0.039 HA 171 AAA -> GAA K->E
4 598 0.228 HA 200 UCU->CCU S->P
4 622 0.101 HA 208 CUC-> AUC L->1I
4 716 0.539 HA 239 GAU -> GGU D->G
4 719 0.018 HA 240 CAA -> CGA Q->R
4 1433 0.022 HA 478 GGA-> GAA G->E
5 159 0.676 NP 53 GAU -> GAG D->E
5 302 0.031 NP 101 GAC->GGC D->G
5 304 0.265 NP 102 GGA-> AGA G->R
5 324 0.27 NP 108 CUC->CUU none
5 341 0.993 NP 114 GRA-> GAA X->E
5 365 0.998 NP 122 CUA -> CAA L->Q
6 17 0.011 NA 6 AAG -> AGG K->R
6 258 0.019 NA 86 GCG->GCA none
6 1052 0.996 NA 351 UAC ->UUC Y >F
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Parental vs Reference

Segment Nucleotide # Frequency ORF Codon# Codon change Substitution
6 1059 0.996 NA 353 UAU -> UAC none
7 177 0.012 M1 59 AUU -> AUC none
8 42 0.019 NS1 14 UUC->UUU none
8 214 0.026 NS1 72 GAA -> AAA E>K
8 355 0.018 NS1 119 UUG-> CUG none
8 817 0.01 NEP 115 GCU->GCC none
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Figure 5.1: Murine adaptation of CA/07 increases virus replication in lungs and

spread to brain.

(A,B) Swiss Webster mice were infected with CA/07, and recowarad was passaged
lung-to-lung nine more times, for a total of ten passages. Morbidity was determined by
monitoring weight loss over time ((A), passages 1, 5 and 10), and virus titers in the lung
were measured by the 50% tissue culture infectious d@3®BD) assay (B). (C)
Dissemination of parental CA/07 and passage 10 (GAMA7Amouse adapted)) virus

was analyzed by performing TCID50 assays on brain and spleen homogenates. N.D. =
not detected. In (AC), error bars represent the standard deviation4mwce) This

work was published i®laine et al., 2018nd completed by Cara MacRae.
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Figure 5.2: Outbred Swiss Webster mice have noefunctional Mx1.

Total RNA was extracted from a Swiss Webster mouse lung homogenate collected at 3
days posinfectionwith passage 10 CA/GWIA virus (lung) and from mouse embryonic
fibroblasts from C57BL/6 strain (MEF). (A) Following reverse transcription using
Maxima H Minus reverse transcriptase (Thermo) and oligo(dT) priming the coding
sequences of Mx1 cDNA were anff@dd and the products were resolved on 1% agarose
gel stained with ethidium bromide (expected product size for théefugth Mx1 coding
region is 1896 bp). PCR product from lane 2 (lung) wasgehcted and sequenced.
Sequencing revealed that the-gefracted band contained two Mx1 amplicons: 1472 bp
and 1393 bp that were not resolved by electrophoresis. Both sequences were aligned to
the reference Mx1 sequence (NM_010846) using Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/) and the portairthe alignment

corresponding to the fulength Mx1 coding sequence are presented in (B). Sequences
that correspond to primers used for amplification are underlined. The start and stop
codons for the fullength Mx1 are highlighted green. Premature stagbons that resulted
from deletions in both copies of Mx1 amplified from Swiss Webster mouse lung cDNA
are highlighted redl'his work was published i8laine et al., 2018nd completed by

Patrick Slaine and Dr. Khaperskyy.
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Figure 5.3: Successful multisegment amplification of the IAV genome

Total RNA was extracted from MDCK cells infected with CAMIA 24 hpi. Following
reverse transcription using Maxima H Minus reverse transcriptase (Thermo) and the
Unil2 degenerate primer, the gemo segments were amplified with the-B&il2 and
P7-Unil3 primers. The PCR product was resolved on a 1% agarose gel stained with
ethidium bromide. Lane 1 contains th&R plus ladder (NEB N3200S), with the marked
molecular weights annotated to the Idftlte lane. Lane 2 contains the product from the
multi-segment amplification PCR from the cDNA library of CAMIA. This work is
unpublished and completed by Patrick Slaine.
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Figure 5.4: Differential generation of defectiveviral genomesbetween parental

CA/07 and CA/0O-MA.

lllumina MiSeq reads for both parental CA/07 (A) and CAKXK (B) were aligned to

the reference sequence for CA/07. Reads th
identified, and the junctions were determined. Junciies sre annotated with the

nucleotide in which the sequencing read spans the internal deletion. The start and stop
codon are annotated for the primary protei
and 36 UTRs are col our e dsare tolowed redithisiwbrie t he ¢
is unpublished and completed by Patrick Slaine.
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Figure 5.5: Identification of adaptive mutations in CA/07-MA by MiSeq lllumina

deep sequencing.

Both parental CA/07 and CA/eMA were deep sequenced. The parental CA@ITome

was aligned to the reference sequence to generate a consensus sequence for the parental
isolate. CA/07MA reads were then mapped onto the parental CA/07 consensus
sequence. All substitutions that identified with a frequency above 1% were plotted. X
axis: nucleotide position relative to the adenine of the first AUG start codon in the largest
open reading frame.-#xis: precent frequency of the substitution. The corresponding
amino acid change is indicated for reynonymous mutations(blue) over 10%duent.

SNP: single nucleotide polymorphism, PB1/2: polymerase basic 1/2, PA: polymerase
acidic, HA: hemagglutinin, NP: nucleoprotein, NA: neuraminidase, M: matrix, NA: non
structural.This work was published iSlaine et al., 2018nd completed by Patrick

Slaine.
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Figure 5.6: CA/07 mouse adaptation mutations are surface exposed in the ternary
RdRp complex.

CA/07-MA amino acid substitutions were mapped onto the 3D structure of bat influenza
Allittle yellow-shouldered bat/Guatemala/060/2010 (H17NAW) polymerasebound to

an RNA primer ¢rang@ (Protein accession number: 4WSB). PA is grey, PBL1 is blue,
PB2 is magenta, and the RNA strand is orange. Relative positions otd¢nei@al cap
binding domain of PB2 (PB2ap), the Nterminalendonuclease domain of PA (PA

endo), and the @rminal domain of PA (PAC) are indicated for referencéhe nouse
adaptation mutatiaidentified by deep sequencing are highlighted in red. The image was
generated in PyMOL Version 2.0.4 Images were rendar&ahy 2400 with 1000 dpi.

This work was published i8laine et al., 2018nd completed by Patrick Slaine.
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Figure 5.7: PA E349G substitution enhances viral RNA polymerase activity.

(A) Schematic representation of PB1 and PA proteins showing apptexioandaries

of major domains in the primary amino acid sequence (vertical lines) and positions of

amino acids mutated in this study. Green and blue shading irdtheidetype and

mutant proteins respectively. (Belative luciferase activity was measdiriea the

replicon assay in 293T cellsing constructs derived fromild-type CA/07 PB2 and NP

in combination with PB1 and PA constructs that correspond to the numbered

combinations depicted in (A). Open circles indicatelues for each independent

replicate normalized to the wiltype replicon values obtained in parallel (dotted vertical

line). pvalueswerec al cul ated using a paired Studentad
replicates (N=4). (CThe assay described in (B) was performed in murine L929 cells

using a firefly luciferase reporter driven by mouse POL1 promotealyeswere

calcul ated using a paired Studentds t test
Western blot analysis of the whole cell lysates of 293T cells transfected withdatiede

replicon assays shown in (Bjhis work was published iSlaine et al., 2018nd

completed by Patrick Slaine, Mariel Kleer, and Dr. Khaperskyy.
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Figure 5.8: Rescued virus harbouring the mouse adapted PA and PB1 increase

replication in mouse cells.

Mouse embryo fibroblasts were infected with parental CA/07 or recombinant &®07

PB1-MA at a MOI of 0.1. (A) Virion production was measured at 12, 18, and 24 hpi

using a plaque assay in MDCK cells. Error bars denote the standard deviation of three

bi ol ogi cal replicates (N=3). Statistics wa
Cells were fixed at 18 hpi and analyzed by immunofluorescence microscopggstain

with ant-M1 (red) and nuclei were labelled with Hoechst (bldéijs work was

published inSlaine et al., 2018nd completed by Patrick Slaine and Dr. Khaperskyy.
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CHAPTER 6 : CONCLUSIONS

6.1 Conclusions and Limitations

Although the workpresented in my thesis provides insight into the interactions
between IAV and its hostnd the potential antiviral therapies against infe¢tioywork
still leavesmanyquestions unanswerelth. Chapter 31 reasoned that IAV may be so
reliant on canonicdlost protein synthesis machinery that disruption of the elF4A
helicasewill inhibit IAV replication] AV mRNAs contain complex 5
mayrequire elF4A helicase activitily work demonstrated that IAV isighly sensitive
to elF4A inhibitor medatedtranslationarrest Treating infected cellwith Sil or PatA
dramatically reduced the accumulation of all viral proteins. However, thiswaesk
limited to severain vitro cell lines The cell lines used in this study are transformed and
therefore equire a high degree of translatimnmaintain their rapid cell divisiotMany
oncogenes require the el F4A intheiirmRNAsore t o me
efficient proteinsynthesigWolfe et al., 2014)I demonstrated that treatitige model
cells inducedapoptosismediateccell deathDespite these limitations, | demonstrate that
IAV is sensitive to pharmacological agents that impair bapdependentranslation.
The work completed here indicates ttayeting global translation in infected cells
significantly disrupts the homeostasis of both infected aneinfented cells and is not
feasible as an antiviral.

In Chapter 41 demonstratethat perturbing the host ER selectively impdiviral
glycoproein synthesis, whichubsequentlyeducel virus production6-TG has been

used in the clinical setting for roughly 70 years and we are the first lab to shdwTiGat
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and 6 TGoinduce the UPR. This finding has clinical relevgneigh thousands of
individuals currently taking this drug to treat leukemia and [BRyoumy et al.2020)
My work demonstrated th#terapidinduction of the UPR in infected celsantiviral
against IAV, as treatmesignificantly impaiedviral glycoprotein synthesiand virus
production | demonstrated that the activation of the UPR was antiviral across several
IAVs. My data indicated that other nucleoside and nucleobase analogs did not induce the
UPR. These data indicate that the incorporation of nucleoside analogs into viral and host
RNAs is not the mechanism in whichT& and 6TGo induce the UPR. For example, 5
FU, a known nucleoside analdgiled toinduce the UPR and did not affect virus
production from infected cell@auly & Lauring, 2015)l also discovered that murine
cells showed resistance tol& mediated UPR induction, and thal & treatment did
not provide protection against a lethal infection in the murine model. These data indicate
that IAV is sensitive to UPR induction as an antiviredrapeutic and the molecular target
of 6TG may be missing in murine cells.

6-TG has been previously demonstrated to bind and impair the small GTPase
Racl, which has physiological effects in treated patiépt®posed that-d G is
responsible for bindig and impairing another GTPase that is involved in ER
homeostasis. There are several candidate GSRaemay be targeted byT5, such as
SRP, SR, or Mx1 (Fig 6.1).

The major limitation to this chapter is that the molecular targetTdd éemains
unknown. | was unable to determine the targeted host factor that was responsible for the
UPR specificphenotype that | observe#éiccordingly, | do not know what is the host

factor that is missingr resistantn murine cells to make themmaffectedoy 6-TG. This
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limitation was most notable during the challenge study in the murine infection.model
Treating infected mice did not reduce virus production and did not improve su#vival.
limitation of the murine infection model is that the concentration®&6n themouse
lung was unknown. The failure to protect the model orgacmuid be due to the
inability to deliver the compound to the lung in high enough concentrations to be
effective against viral replication.

Lastly, In Chapter 5, | hypothesized thiae mouse adapted CA/07 virus
harboured numerous mutations responsible for its increased viruhemies some of
which would befoundin other viral proteins besides HA. | identified several-non
synonymous mutations in the mouse adapted virus, sombkicii were known mouse
adaptatiormutationsassociated with receptor tropism. | identified one substituti@n in
viral polymerase subunit that increased viral polymerase activity in the minigenome
replicon assay and in rescued recombinant virags limted in identifying every
mutation present in tHastpassagérom the mouse lundyecausé passaged the virus in
fertilized eggs and infecting MDCK cells before generating the cDNA library. There may
have been somgenotypedhat were missed becausetlnf. | was also limitedn testing
themutationsidentified in PB1. The minigenome replicon assay did not indicate that
thesesubstitutionsaltered virus polymerase activity, and | did not generate recombinant
virus harbouring just the single substitusohispreventedne from specifically
analyze the PB1 mutations in the context of viral replication. Accordingly, whether the
PB1 substitutions contribute to viral replication remains unckeathermore, the
minigenome replicon assay is limited in a@tety depicting viral polymerase function

since it only contains the viral polymerase subunits, NP, and an RNA template. It has



been demonstrated that NS1 and NEPatfatt translation and polymerase function
(Arias-Mireles et al., 2018, p. 1;dbb et al., 2009)The work completed here confirms
the viral polymerase as a hot spot for viral adaptation mutations that could be screened

for in zoonotic IAVS.

6.2 Testing Sil, PatA ,and 6 -TG on Primary Cell Lines that
Faithfully Represent the Huma n Respiratory Tract

My work demonstrated that the transformed cancer cellsas&V in vitro
infection modelsvere highly sensitive to elF4A inhibitors. Are primary cells of the lung
equally as sensitive to translation arrest? WillG have detrimentadffects on non
dividing cells? To answer these questions, | would analyze virus production in
standardized ailiquid interface 3D airway epithelial cultueand quantify the cytotoxic
and cytostatic effects of treatmehtised transformed celibat didnot faithfully
represent the environment of the human respiratory tract. My results agree with the study
performed by Kuznetsov and coauthors that PatA is cytotoxic in highly proliferative cells
(Kuznetsov et al., 2009T he standardized-B air-liquid airway modefaithfully
represerdgthe environment of the human respiratory tragth cells that are not
transformed, polarize apical and bas@mbranes, form tight cellular junctions, and
secreé mucus(Pharo et al., 2020} or instance,itis model has been utilized in the past
to test the efficacy of oseltamivir carboxyléBoda et al., 2018) would treat infected
cells with a range of different concentrationsSdfandPat#A and quantify virus
production(Fig 6.2) Using this model would also allow me to quantify and compare

virus production, viral glycoprotein accumulation, host antiviral responsegoaml|
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junctions, and any negative side effects from antiviral treat(Bada et al., 2018)

expect that both elF4A inhibitoesxd 6 TG would show greatesfficacy at reducing virus
productionand demonstrate mofavourable cell viabilityPrimary cells have shown
significantly higher tolerance to PatA and Sil treatment than transformed cell lines, likely
indicating that the viability of treated cells wdue more favourable in this modkl.

would confirm that 6T G triggersthe UPR in the newnodelcell line and analyze the
synthesi®f viral glycoproteinsl would track the production of viral glycoproteins to the
apical membrane and analyze for dafecglycoproteinmigration by probing polarised

cells for NA and HAThese data would allow me to confirm the antiviral effects of Sil,

PatA, and 6TG in a model that faithfully represents the human lung.

6.3 Further Investigation into the Effects of 6 -TG Tr eatment on
the UPR and Cell Fate

In Chapter 4, | demonstrated thal 6 induced the UPR in bothockinfected
andIAV infected cellsThe molecular target of-8G that is responsible for the UPR
phenotype still evades us:T&0, an analog of guasine inducedall three arms of the
UPR, as seen with tteetivationof PERK, IRE1andcleavage of ATF6The activation
of PERK and ultimately the ISR is likely the origin of the SGs identified in the original
small molecule screefuture research should camifi the role of PERK on the formation
of SGs in 6TG treated cells. This research can be completed {tieating infected cells
with ISRIB And 6TG, or by treating AS4PERK KO cells with 6TG. Analyzing these
cells for the formation of SGs will confirmah6 TG mediated SG formation is PERK

and ISR dependent.



The activation ofthe UPRresuledin the accumulation of proteins that are
downstream of the three effector molecules, such as BiP, CHOP, and XBREs. 6
another thiopurine memb#ratshares a higdegree of similarity to-4 G, failedto
induce the UPR. There are numerous GTPases involved in the translation and
transportatiorof glycoproteins in the ER, all of which could be targeted Y36 The
effect of 6TG on the UPR could further be analyzsdprobing for caspask2
activation, which is known to induce the apoptotic cascade during times of ER stress
(Hitomi et al., 2004, p. 12Yhe absence of PARP cleavageé-TG treated cells
indicatedthat the apoptotic cascadasnaot activated. Lastly, cytoplasmic concentrations
of C&* should be analyzed inBG treated cells.ow C&* concentrations within the ER
lumen are known to induce the UPR, along with activation of the cytoplasmic calpain
protease¢Tabas & Ron, 2011)

Are viral glycoproteins targeted by ERAD iAT& treated cellsTreating
infected cells with 6TG reduced the accumulation of viral glycoproteingemerated
evidence that PERHKctivationreduced the transian of viral glycoproteins, but | did not
investigate the degradation of glycoproteins throthgfERAD pathway There are
specific pharmacological inhibitors available to impair the ERAD pathway, such as
DBeQ that blocks the function of the AAA p97 protep97 is an ER residential protein
that is responsible for a variety of functions, one of which is responsible for the
retrotranslocation of polyubiquitinated proteinto the cytoplasn{Q. Wang et al.,

2006) In future studiesl would co-treat infected cells with-8G and DBeQ andnalyze
the accumulation of viralycoproteirs. If inhibiting p97 restored the accumulation of

viral glycoproteins, then ERAD may have a role in limiting the synthesis of HA and NA
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in 6-TG treated celld. would expect that inhibiting p97 will partly restore the

accumulation of viral glycoproteins.

6.4 Identification of the GTPase Responsible for 6 -TG Mediated
UPR Activation

Murine cell lines showed complete resistance-T@6induced UPR activation,
indicating the molecular target of 65 is different between the tvapeciesFurther
investigation igequired to characterize the molecular target-of3% | hypothesize that
the molecular target of6G is a GTPase involved in the homeostasis of the ER (Fig 6.1).
One GTPase that is missing in moasé lines is the dynamin like GTPase Mxvhich
has been shown to aid in vesicle formaiiothe ER(Accola et al., 2002)impairing the
formation of vesicles budding off the ER membrameyinduce the UPR. Other GTPases
that significantly differ in amino acid sequence is the signal recogmu#aiclereceptor
(SR)found enbedded on the ER, showing 90% homology across the two sgecies.
observed a reduction in virus production in infected cells treated with the Racl inhibitor
V, but not as significant as infected cells treated witi®% Further work should
investigate whéter the UPR is activated by the Racl inhibitoif\6-TG is inhibiting a
GTPase, using a broad spectrum GTPase agonist @ tbeated cells may revert the
glycoprotein specific phenotyp®IL099 is a broad Raselated GTPasagonist
(Surviladze et al., 2010Recenexperimentcomgdeted by the McCormick lab
demonstratethat cotreating infected cells with-8G and the GTPase agonist ML099
restored the accumulation apbcessingf the coronaviruspike (S)glycoprotein.

These datauggestshat 6 TG does inhibit a GTPase involved in thethesis of viral
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glycoproteinsTo identify the unknown GTPase thaf& forms an adduct with, | would
takea proteinlibrary of human GTPases and incubate them wiAtlGan vitro. | would
then add fluorezent(lwata et al., 20169r radiclabeled GTP(Miller et al., 1995)n
increasing concentratiot@ displace6-TG from the GTPaselhe GTPase would then be
purified and crosslinked to the bound GTHB by UV radiationGTPases that tightly
bound 6TG would require significantly higher concentrations of fluorescent/sadio
labeked GTP to dissociate theT&s from the GTPasdRacl isaknown farget of6-TG,
and therefore would be a positive control in this experiment. Another method to identify
the molecular target of G would beto transduce AumanGTPasevectorlibrary into
the 6-TG resistanMEF or L929cell line and observe for the UPR phenotype peBG6
treatment] would also knock out the expression of MxA in the A549 cell line and
observe for any glycoprotein specific phenotype. | would infect the knockout cell tine an
treat with 6TG and analyze the accumulation of viral glycoproteins. Conversely, | could
introduce human MxA into the Mx1 deficient MEF cell line and observe potential
glycoprotein specific phenotypes that may arise.

Future work should further charadrprogeny virions from €'G treated cells.
Do the viral particles still have the same ratios of HA, NA, and M22hgBlA and NA
glycoproteinghat are incorporated into viral particles lacking key glycosylatifug@re
work is required to determinedlglycosylation status of HA and NA duringl&
treatment. The glycoproteins showed increased gel electrophoretic mobility during gel
electrophoresis when compared to untreated détisglycosylated HA has been shown
to bind BiP, which may play a role WPR inductionGething et al., 1986)nterestingly,

NA and HA harvested from TM treated cells displayed a lower molecular weight than
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HA or NA from 6-TG treated cells. TM impairs thediton of the first saccharide in the
oligosaccharide complex, allowing the synthesis of HA and NA with no glycan
modifications. HA and NA from-@ G treated cells run at a different molecular weight
than TM treated proteinpptentiallyindicating partialglycosylation.Viral glycoproteirs
could be extracted fromurified virionsthat were producefilom 6-TG-treated celland
analyzed through combination of nanrtiquid chromatographyass spectrometignd
MALDI -TOF mass spectrometty determine the glycosylation status of the
glycoproteirs (An et al., 2013; lllimo et al., 2020)These techniques have been used to
characterize the glycans found on HA during vaccine produftioret al., 2013)I

would alsoinvestigate the particle:PFU ratio generated yGtreated cells and

compare this ratio to virus prodeat by untreated cells. | would quantify the HA units,
the foci forming units, and PR1o enumerate particle production. | could also perform a
gPCR to quantify the amount of viral RNA present in the cellular supernatant from
infected cells and compare $hio PFU production. These data would determine whether
the virus particles that are generated from infected cells are fully infeetiaus

potentiallyidentify thedefect in Nlinked glycosylation

6.5 Further Characterization of IAV RdRp Adaptation  Mutations
in the Mouse Model will Confirm an Increase in Virus Fitness

In Chapter 5, | demonstratéluht the PA E349G substitution significantly
improved polymerase activity in both the minigenome replicon assay and in rescued
virus. To further characteze the substitutions effect on host adaptatiamould infect

mice with recombinant viruses that contain the specific adaptatidations | would
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generate a virus for each unique polymerase mutation, allowing analysis of the
substitution on virus refation within the mouse. | would collect the BALF from

infected miceo enumerate virus production. Furthermore, | would generate a virus with
paired substitutions, as to analyze if the mutations are working in concert with each other.
Analyzing virus repication harbouring the individual mutations would allow me to

compare thesubstitutiongo the wildtype virus in the context of viral infectidrwould

expect thesdata will confirm that the RARp adaptation mutations increase viral fithess in
the mousenodel. This will also allow me tdetermine whetheé?B1 mutationsaffect

virus replication in the mouse lung.

6.6 Further Studying the Effects of RdRp Mutations on Viral
Polymerase Activity Will Identify Key Viral Processes

The PA E349G substitution flanks the PA oligomerization domain that is required
for higher order structures between two polymerase complexes. This domain, which
forms dimers of heterotrimers, aids in the synthesis of cRNA and vRNhat effect
does the PA349G mutation have on the RdRp? | would answer thanlayyang the
synthesis of vVRNA and cRN#ith the PA E349Gubstitutionand compare it tparental
polymerase activityPreliminary results indicated that CA/FA produced more VRNA
over time compared to the parental vi(8faine et al., 2018)Analyzing the synthesis of
cRNA and vRNAwill allow me to quatify genome replicationrvnRNA and cRNA can be
analyzed from the minigenome replicon assay directly, allowing me to quantify at which
step the PA E349G polymerase is enhanced. Total RNA would be extracted from

transfected cells and cDNA would be synthesimedhe positive sense (CRNand

214



MRNA) and negative sense (VRNA) RNAPCR or radidabeled primers would allow

me to quantify the concentration of the different types of viral RNA betweeryyitl
polymerase and PA E349G substituted polymef@sbb et al., 2009)t is possible that
the PA E349G substitution results in greater accumulation of both cRNARNA,

which then would create more mRNA and subsequently synthesize more viral protein.
Furthermore, these experiments would allow me to analyze cRNA and VRNA levels in
human and mouse cell lines, potentially identifying a new adaptation mechanism in th
polymerase complex.hese data would further our understanding of RdRp function

andgenome replication.
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Figure 6.1: Potential GTPases that 6TG may be inhibiting in the secretory

pathway.

6-TG may impair the localization of the nascpotypeptide to the ER by inhibiting the
signal recognition particle (SRP) or the SRP receptor (SRE Ghay impair dynamin
like GTPasesHumanMxA), which mayberesponsible fothe tubulation and excision of
vesicles budding from the ERnage was eatel with BioRender.com
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