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Abstract

Ducksarethe naturalhostandreservoirof influenzaA virus (IAV) . It is currently
unknownhow duckscanbothtolerateandrestrictlAV replication.lt is likely thatduckshave
evolveduniquetranscriptionaresponseso IAV infectionto restrictvirus while limiting damage
from inflammation howeverthisis poolly understoodHerewe examineglobaltranscriptome
changesn tissuedrom influenzainfectedducksto identify differentially expressegenesWe
alsominedthedatafor tripartite motif (TRIM) proteins agroupof proteinsthataroseearlyin
eukaryoteevolutionof which somememberdaveantiviral functions. TRIM proteinsaredefined
by aconservedN-terminalRING, B-box andcoiled-coil domains andarefurthersubclassified
by their variableC-terminaldomains.TRIM proteinscaninhibit viral replicationthrougheither
directtargetingof viral proteins,or by augmentingantiviral signalingpathwaysn thecell. Here
we investigatehow many TRIM proteinsduckshave which duck TRIM geneschangen
expressionin responséo IAV infectionor which actasantiviral effectors.

In Aim 1 of my thesis | investigatedhetranscriptionatesponses spleenjungand
intestinesn ducksinfectedwith alow pathogeniavianinfluenza(LPAI) strain(BC500)andin
thelung andspleenin ducksinfectedwith a highly pathogeniavianinfluenza(HPAI) strain
(VN1203).Theresultsof theseexperimentdoundthatduckshave65 geneghatshare
upregulationin all tissuessampledvhenduckswereinfectedwith HPAI or LPAI andthatmany
of thesegeneswereinvolvedin the RIG-1 signalingpathway Tissuesnvolvedwith 1AV
replication(lung andintestine)alsosawselectivedownregulatiorof certainproinflammatory
cytokines.Theresultsof this globaltranscriptomeanalyss suggesthatglobalandtissuespecific
regulationpatternshelpthe duckcontrolviral replicationaswell aslimit someinflammatory

responsem tissuesnvolvedin replicationto avoiddamageln the secondAim of my thesis||



createda de novotrangriptomeassembledrom PekinduckRNA-sequencingeadsminedfrom
the SRA databasen NCBI. Fromthis transcriptome identified57 TRIM genesn theduck.|
comparedheseduck TRIM genego thatof the chickenanddocumentedgevenTRIM geneghat
werefoundin duckbut appeambsenin chicken while chickenshadtwo TRIM geneswhich
appeato bemissingin duck. TRIM27L andRNF135areTRIM proteinsfoundin duckbut not
chickenwhichincreass RIG-I signaling.l alsoshowthatmanyof the MHC-linked TRIM genes
arosen alineagespecificmannetin birdsandreptiles,andthesegenesarepredominantly
expresseth immunerelevanttissuessuchaslung, intestineandspleenln Aim 3, | investigated
thedifferentialexpressiorof the57 TRIM geneddentifiedin Aim 2, to bothVN1203and
BC500.VN1203 causednuchmoredifferentialexpressiorof duck TRIM geneghanBC500did
in all tissuessampled! investigatedf severaduck TRIM proteinswereableto restrictlAV
replicationwhenoverexpresseith bothduckandchickencells. TRIM27L, aTRIM protein
foundin duckbut appearingo be missingin chicken,couldrestrictlAV replicationwhen
overexpresseih duckcellsonly, while TRIM32 anddiaTRIM58 couldrestrictlAV in both
chickenandduckcells.Finally, in Aim 4 | investigatedhe mechanismé&ehindTRIM27L IAV
restriction.Previouswork in ourlabfound TRIM27L couldincreasd FN-b promoteractivity
whencotransfecteavith constitutivelyactiveRIG-1 (A2CARD)in chickencells.| determined
thatTRIM27L wasableto increasehis promoteractivity whencotransfecteavith d2CARDand
dMAVS in bothduckandchickencells,howeverwhencotransfecteavith duckIRF7 (whichis
downstreamn the RIG-I signalingpathway)TRIM27L inhibited IFN-b promoteractivity.
TRIM27L usests RING domainto inhibit IFN-b downstreanof IRF7, andits C-terminal
PRYSPRYdomainto activatelFN-b promoteractivity downstreanof RIG-1 andMAVS. By

increasingour knowledgeof the functionsof TRIM proteinsin influenzainfectionin duckswe



cangainabetterunderstandingf both TRIM proteinbiology andfunctionin hostpathogen

interactionsn thereservoirhost.



Preface

Thisthesisis my own original work andcontainsresultsof collaborativeresearchihathas
beenpublishedor arebeingpreparedor publicationin peerreviewedjournals.

Both Chapterl andChapter2 actasintroductorychapterdor this thesis.Chapterl
outlinesthe currentunderstandingf patternrecognitionreceptorsandsignalingpathwaysn
antiviral responseén duck,comparedo humanandchicken.A versionof Chapterl hasbeen
publishedasCampbellLK andMagorKE. 2020. PatternRecogniton ReceptoiSignalingand
InnateResponse® InfluenzaA Virusesin theMallard Duck, Comparedo Humansand
ChickensFrontiersin CellularandInfectionMicrobiology 10(209).doi:
10.3389/fcimb.2020.00209 conductedhe original literaturesearchanddraft manuscriptand
Dr. KatharineMagor editedandprovidedadvicefor the manuscript.

Chapter2 is written in areviewformatandhasnot beenpublished | wasresponsibldor
all literaturesearchesnddraftingthe chapterThetitle of Chapter2 is: TRIM proteinfamily
evolutionin directandindirectrestrictionof InfluenzaA virus.

A versionof Chapter3 is publishedas CampbellLK, FlemingCanepaX, WebsteRG
andMagorKE. 2021. Title of publication TissueSpecificTranscriptomeChangedJpon
InfluenzaA Virus Replicationin the Duck Frontiersof Immunologyl2(4653).
doi:10.3389/fimmu.2021.78620bwasresponsibldor dataanalysisanddraftingthe
manuscriptXimenaFlemingCanepavasresponsibldor handlingthe RNA samplesand
sendinghemfor sequencingDr. RobertWebstemprovidedthefacility andexpertisefor all
animalexperimentsDr. KatharineMagor collectedall tissuesandextractedRNA from infected
animalsandprovidedfunding supervisioraswell aseditingof themanuscript.All authors
approvedhemanuscripbeforepublication.l would alsolike to acknowledgér. Rhiannon
Peeryfor providingadviceon scriptandR programmingandthankundergraduatstudentSarah
Klimchuk for herwork on manuallyaddingnamesof genesfrom NCBI to our datasets

Chapter4 of this thesisis currentlyunpublishedbut whenpublishedwill beauthoredoy:
CampbellLK, PeeryRM andMagorKE. Thetitle of Chapter4 is: Evolutionandexpressiorof
TRIM proteingenesn themallardduck.| wasresponsibldor dataanalysisanddraftingthe
manuscriptDr. RhiannonPeeryperformedreciprocalblasthits on the datato removeduplicates,
providedscriptsfor analysisandexpertiseandeditedthe manuscriptDr. KatharineMagor

editedandprovidedadvicefor themanuscript.



Chapters of thisthesisis unpublishedThetitle of Chaptel5 is: Theduck TRIM gene
repertoireis upregulatedn responseo highly pathogeni@avianinfluenzavirus. | was
responsibldor dataanalysisanddraftingthe manuscriptDr. KatharineMagoreditedand
providedadvicefor the manuscript.l would like to alsoacknowledgeXimenaFlemingCanepa
for runningan SDSpagegel andCallaMcKaguefor makingcDNA to helpdetermineaf
TRIM19.2wasexpressingn DF-1 cells.

Chapter6 of thisthesisis unpublishedThetitle of Chaptei6 is: TRIM27L is botha
positiveandnegativeregulatorof the IFN signalingpathway.l wasresponsibldor dataanalysis
anddraftingthe manuscriptDr. KatharineMagor editedandprovidedadvicefor the manuscript.

Theappendixcontainsunfinishedsideprojectsanddetailedinstructionsfor protocds
developediuringmy time asa PhD student.The unfinishedprojectsweredevelopinga duckcell

line andidentifying Leucocytozoorsspin sick ducks.
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CHAPTER 1

Introduction

A versionof this chapterhasbeenpublishedas CampbellLK, and Magor KE. 2020. Pattern
RecognitionReceptoiSignalingandinnateResponset InfluenzaA Virusesin theMallard Duck,
Comparedo Humansand Chickens Frontiersin Cellular and Infection Microbiology 10(209).
doi: 10.3389/fcimb.2020.00209.

Pattern RecognitionReceptor Signaling and Innate Responseso Influenza A Virusesin

the Mallard Duck, Comparedto Humans and Chickens

1.1Introduction

InfluenzaA virus (IAV) is anegativesensesinglestrandedRNA (-ssRNA)virus which
causesignificantdiseasen bothhumansandanimals.Dueto rapidaccumulatiorof mutations
duringreplication,this virus canchangesurfaceproteinsquickly, thusescge both naturaland
vaccinebasedmmunity. Thesemutationsalsoaffectthe pathogenicityof individual viral
strains.In chickensespeciallyJAV cancauseseveraliseaseandmortality. Thevirusis
classifiedaslow pathogenior highly pathogeniavianinfluenza(LPAI andHPAI, respectively)
dependingonthe severityof diseasehatit causesn chickeng/Alexanderetal., 1986;Burggraaf
etal.,2014).LPAI strainscausemild symptomsandthebirdsgenerallyrecoverwithin afew
dayswhereadHPAI stranstendto spreadsystemicallyandoftenkill chickenswithin thefirst
few daysof infection.

IAV preferentiallyreplicatedn differenttissuesandorgansin the host,andinitial
infectionoftendepend®n thelinkagetype of terminalsialic acid on glycoproteinsexpressedn
thesurfaceof cells.Viral hemagglutininHA) surfaceproteinsbindto glycoproteinlinked sialic
acid(SA) onthesurfaceof hostcells. The specificlinkageof thesesialic acidsallowsthevirus
to notonly becomespecificto differenthostspeciesput alsodifferenttissuesn thesehosts.
Humansexpresssialic acid U-2,6 linked galactos€SA U-2,6-Gal) surfacemoleculeson epithelial
cellsin theupperairways,whichis thesite of replicationfor IAV in humangBaumandPaul®n,

1990;Couceiroetal., 1993).As such,strainsof IAV thatinfecthumangeplicatein theupper



airways.Birds, however predominantlyexpressSA U-2,3-Gal in their digestivetractsandlungs
(Costaetal., 2012).Strainsof IAV which areadaptedo replicatein birds preferentiallybind
thesereceptorsoverhumanSA U-2,6-Gal receptorsChickensalsoexpresd}2,6-Galin their
intestinaltractsandlungs,whereasiucksonly expresghesereceptorsn theirlungs.Chickens
alsohavea predominancef SA U-2,6-Galin their tracheavhereasluckshaveSA U-2,3-Gal
receptordominancgKuchipudietal., 2009).As IAV hasbeenknownto jump hostspeciesasis
the caseof avianlAV jumpingto humansthis suggestshatchickensmayberesponsibldor
propagatng avianstrainsof influenzathatcantheninfecthumanslAV canuseotherreceptors
suchasphosphoglycanen hostcellsto gainentryandseemgo dependon morethanjust SA
linkagesto entercells(Byrd-Leotisetal., 2019).

Ducksandmigratorywatefowl! arethoughtto bethereservoirhostsof IAV, asthey
appeato havesharedalong evolutionaryhistorywith thevirus (Websteretal., 1992;
Taubenbergeetal, 2010).Indeed phylogeneti@analysishassuggestethatavianlAV and
circulatingmammalanstrainsof IAV sharearecentcommonancestoof avianorigin. Socalled
A d a b W luic hogmorespecificallyducksof the genusAnas,arethe mostfrequenthostof
circulatingstrainsof IAV (Kida etal., 1980;Olsenetal., 2006;Runstadleetal., 2007;Jourdain
etal.,2010).Forsimplicity, we will generalizehetermfi d u ctknseanmallardducks(Anas
platyrhyncho} which alsoincludesthe manybreedsof domesticatednallardducks(Zhanget
al., 2018).Wheninfectedwith 1AV, ducksgenerallyhave no or very mild symptomsyet
surprisinglystill replicateandexcretevirusesat high titres (Kida etal., 1980).LPAI canreplicate
in theintestinesof ducksfor up to 5 dayswithout causingesions(Daoustet al., 2013).0Often
calledtheii T r dHpra eobinfection,thesemigratorybirdscanthenspreadhevirusto other
ducksin waterwayspr to otherbird speciesasthey migrate(Kim etal., 2009).HPAI however,
preferentiallyreplicatesn thelungsof infectedducks,andis morelikely to spreadsystemically
in ducksandchickeng(Binghametal., 2009;Vidanaetal., 2018).After suchalongevolutionary
history,thereservoirhostlikely hasevolvedadaptationso circumventdamagingeffectsof
prolongedviral replication.

While duckscancontrd moststrainsof IAV, someHPAI strainscausesignificant
diseaseandmortality in ducks,especiallythosebelongingto the H5 subgroupndclade2.3.2.1
(SturmRamirezetal., 2004;Binghametal., 2009;Hagaget al., 2015;Haideretal., 2017).It is

difficult to generalizehoweverbecausén challengeaxperimentaisingvirusesbelongingto this



clade,ducksdemonstratedifferencedn mortality rangingfrom 100%lethalto no mortality
(Kangetal., 2013;Ducatezetal., 2017).Most strikingly, two virusesfrom the 2.3.2.1cladethat
differedby only 30 aminoacidsshowedcompletedifferencesn mortality in mallards,with one
virus being100%lethal while the othercausingno mortality (Hu etal., 2013).All of these
strainsarelethalto chickensandmanyotherspeciesHowever,somespeciesnay show
resistanceéo somestrains.Pigeonsareresistanto somestrainsof H5N1, includingto strains
belongingto clade2.3.2(Smietankaetal., 2011; Yamamotoetal., 2012).However,as
summarizedn arecentreview (Abolnik, 2014),pigeonsoftendo notreplicatethevirus to
significanttitres andonly shedthe virus for a shortperiodof time. We alsocannotgeneralize
aboutall ducksasothertypesof ducksexhibit variedreactionsvheninfectedwith H5N1 strains
of virus. Gadwall,wigeon,andmallardduckswereasymptomaticyhile mandarinduck,tufted
ducks,ruddyshelducksandseverakpecief geeseandswansshowedsignsof morbidity and
mortality (Gaidetetal., 2010).In anotherstudy,swansandruddy shelduckshowedl00%
mortality wheninfectedwith HPAI H5N1, whereasnallardduckshadanasymptomatic
infection(Kwon etal., 2010).Thus,infectionandmortality ratesdiffer betweerdifferenttypes
of ducks.Thesestudieshighlightthedifficulty in makinggeneralizationsboutavianinfluenza
studiesbut canalsopinpointresiduesontributingto virulencein eachhostspeciesWhatmakes
mallardducksso successfuat bothlimiting viral replicationof HPAI virus andresistingdamage
from replicatirg virusis currentlyunknown.

Whenbirdsareinfectedwith 1AV, thefirst few daysseemto bethe mostimportantwhen
determiningsurvivalvs. succumbingo infection, highlightingtheimportanceof innate
immunity asa protectivemechanismWe recentlyreviewedtheimmuneresponsesf ducksand
chickengto IAV (Evseewetal, 2019).Birds divergedfrom mammalsabout300million yearsago
yet haveretainedmanyof the samennateimmunemechanismshatmammalsuseto combat
viral infections.Whenviral or pahogenassociatednoleculampatterngPAMPS)aredetectedy
thehost,theyaredetectedy specificpatternrecognitionreceptor{PRRs)in orderto elicit
antiviral responsescluding cytokines,chemokinesandupregulatiorof antiviral effectors.Both
immuneandnonrimmunecellscontainthesePRRs.PRRsof avianspeciesverepreviously
reviewedin 2013(Chenetal., 2013),howeversignificantadvancefiavebeenmadesincethat
time. In this review,we summarizeecentadvancesn understandingnnatesignalingpathways

in ducksby looking atthe similaritiesanddifferenceshetweerPRRtissueexpressionn ducks,



chickensandhumansWe alsofurtherreviewnewresearchn characterizingroteinfunctionin
thesignaltransductiorplatformin orderto understanchow innatesignalingpathwaydiffer or
arethesamein thesethreespecies.

ThethreeimportantPRRsignalingpathwaysespondingo influenzainfectioninclude
toll-like receptorg TLRS), retinoicacid-induciblegenel (RIG-I)-like receptor{RLRs),and
nucleotidebindingoligomerizationdomain(NOD)-like receptordNLRs) (Figurel.1). TLRs,
RLRs,andNLRs canall befoundonthecell surfaceor in cytosoliccompartmentn thecell.
ThesePRRsall actto recognizenfluenzaviral componentsuchasdoublestrandedRNA
(dsRNA),singlestrandedRNA (ssRNA),andRNA with a 5atriphosphateverhang5@ppRNA)
(Yoneyameetal., 2004;Okamotoetal., 2017).Many of thesePRRshavesignalingpathways
thatconvergedownstreamnio produceinterferons(IFNs) or proinflammatorycytokinesand
utilize similar scaffoldingandadaptorproteinsto amplify this signal.In this review,we compile
recentstudieson characterizationf theseinfluenzasensorssignalingpathwaysandtheir
downstreaneffectorsin bothchickensandducks.

Basalexpressiorof thesePRRsmay alsoallow differenttissuego detectlAV infection
earlier.To visualizePRRreadinessve showbasalexpressiorpatternsn differenttissuesn
ducksandchickeng(Figurel.2). Tissuesstudiedincludeimmunerelevantorganssuchasthe
lung, spleenpursathymus,andintestineaswell asotherorganssuchasbrain,kidney,and

heart.

1.2RLR Receptorsand Their Adaptors

TheRIG-I like receptor{RLR) family areselectcytosolicRNA helicasesvhich contain
conservedExD/H box domainsusedin nucleicacidbinding(Loo etal., 2011).ThesePRRs
sensenonself RNA from viral pathogensin contrastto otherPRRslike TLRS, RLRsare
expressedh immunecellsaswell asin somaticcell typessuchasepithelium,thuscanprotect
cell typesmosttargetedoy viral infection(Uhlenetal., 2015;Franciscaetal., 2019).RLRs
involvedin IAV recognitionincluderetinoicacidinduciblegenel (RIG-I), melanoma
differentiationassociatedene5 (MDAS), andlaboratoryof geneticsaandphysiology2 (LGP2)
(Figurel.1). RIG-1 andMDAS sharemuchstructuralsimilarity, with bothproteinshavingtwo
caspasactivationandrecruitmenf{CARD) domainsacentralDEAD helicasedomainanda C-
terminalrepressodomain(RD) (Yoneyameetal., 2005;Zou et al., 2009).While the DExD/H



box helicasedomainhasthe ability to useATP hydrolysisto aid in bindingandunwindingviral
RNA, theRD hasbeenimplicatedin selfrepressior{asin RIG-1). CARD domainsareinvolved
in relayingthe signalto the downstreanadaptorthe mitochondrialantiviral signalingprotein
(MAVS) (Jacobsetal, 2013;Wu etal, 2015).LPG2is lackingthe CARD domainsthatRIG-I
andMDAD5 posses$ut sharesstructuralsimilarity in the DExD/H boxandRD domaing(Pippig
etal.,2009).ThecytosolicsensoMDAS preferentiallyrecognizesong dsRNA,whereaRIG-I
recognizeshorterdsRNAsequencethatareproducedduringlAV replication(Kato etal.,
2008).0ncethesecytosolicsensorsecognizeviral RNA, asignalis transducedhroughMAVS

to downstreantomponentso inducetypel IFN or proinflammatorycytokineproduction.

1.2.1RIG

RIG-1 is the primary sensorof influenzavirusin all cellsexceptplasmacytoidiendritic
cells.RIG-1 detectsdsRNA andviral transcriptionaintermediatedearingsapppRNAIN
infectedcells (Hornungetal., 2006;Pichimairetal., 2006;Schmidtetal., 2009).A panhandle
structure formedby binding of complementaryegionsin theinfluenzaRNA transcript,is
detet¢edby RIG-I (Liu G. etal., 2015).Recentlytranscriptionaintermediatesalledmini viral
RNAs of about80 nucleotidesn lengthhavebeenshownto actasRIG-I ligands(te Velthuiset
al., 2018).Notably,it wasrecentlyshownthatRIG-1 detectsviral replicationnotonly in the
cytoplasmputalsoin anuclearcompartmen(Liu G. etal., 2018).This may be particularly
relevantfor influenzadetectionsinceinfluenzareplicatesn thenucleus A recentreview
considerdiow dsRNAandviral transcriptioml intermediate®earingsapppRNAmadein the
nucleusaredetectedy RIG-I in the cytoplasmof infectedcells (Liu etal, 2019).1t is notknown
whetherRIG-I is capableof nucleardetectionin lower vertebratesln addition,RIG-I (butnot
MDADS) canactasanantiviral effectorproteinby directly bindingto incominglAV viral RNA
(Weberetal., 2015).RIG-I alsohasfar reachingeffectsonimmuneresponsedMice deficientin
RIG-I signalingshowdefectsn dendriticcell activationandmobilization,viral antigen
presentatiomndimpairmentof polyfunctionalT cell responsegKandasamyetal.,2016).More
recently,theimportanceof RIG-1 in IAV infectionhasbeenquestionedSurprisingly,whenRIG-
| wasknockedout of mice,this did not makemice moresusceptibleo lethalinfluenzainfection
(Wu etal., 2018).Theseresultsmay stemfrom mice not beinga naturalhostof IAV or perhaps

theyrely on differentrecognitionstrategie$o detectvirus.



RIG-1 is ubiquitouslyexpresseih humantissuesput ducks havetissuespecificbasal
expressiorof RIG-1 andchickensappearto be missingRIG-I entirely.RIG-I is expressedh
mosthumantissuesanddoesnot exhibit tissuespecificexpressionalthoughthereis slightly
highermRNA expressionn thethymus,granulocytesandadiposdissueqUhlenetal., 2015).A
comparisorof tissueexpressiorof RLR pathwaycomponentbetweerchickensandducks
illustratesthereadines®f thesetissuedo respondo pathogengFigurel.2A). In Muscovy
ducks,RIG-I is mosthighly expressedh thetracheaanddigestivetissueqChengetal., 2015a).
Chickensappeato havelost RIG-I (Barberetal., 2010).RIG-1 genelosshasalsobeen
documentedn mammalssuchasthe Chinesdreeshrew(Xu etal., 2016).RIG-I knockouts
generatedn C57BL/6 micearelethalin thedevelopingembryogKato etal., 2005),however
this lethality wasnot seenin micewith amorecomplexgeneticbackgroundWu etal., 2018).

Duck RIG-I canfunctionin chickencells,indicatingthatchickenshavethe
correspondinglownstreansignalingcomponentsWhenwe overexpresseduckRIG-I in
chickenfibroblasts thecellscoulddetectRIG-I ligandandproduceinterferon(Barberetal.,
2010).We alsoshowedhhatchickencellstransfectedvith duckRIG-1 producemorelFN-b ,
augmenexpressiorof numeroudSGs,andrestrictinfluenzavirus (Barberetal., 2013).0Others
havedemonstratethatchickensdetectlAV throughtherelatedRLR, MDAS (Karpalaetal.,
2011;Liniger etal., 2012).We havespeculatedhatonereasorducksso successfullycontrol
influenzavirus while chickensdo notis partially becausef RIG-1. This hasbeencontroversial,
andwe acknowledgehatbecausdRIG-1 hasnot beendetectedioesnot proveit doesnot exist.
No disruptedgenehasbeenfoundto confirmits absencelf chickenRIG-I hassignificantly
divergedfrom duck RIG-I, it would not be detectedhroughhybridization,or PCR.Likewise, it
hasalsobeennotablyabsenfrom the now extensiveranscriptomelatabaseavailablefor
chickensandothergalliform birds.However,if a chickenRIG-I orthologis expressedh very
low amountsor hasavery high GC content,it maybedifficult to sequenceisingstandarcext
generatiorsequencingechnology An interestingexperimento determne the significanceof
RIG-I in birdswould beto knockRIG-I out of ducksor introduceduck RIG-I into chickens.
However,somestrainsof influenzavirusescankill ducksevenin the presencef RIG-I,
demonstratinghatmanyotherfactorscontributeto successfutlefense.

RIG-I is upregulatedyjuickly duringinfluenzainfection,with a peakat 24 h and

expressiometurningto normallevelsin lung, intestine,andspleerwhenPekinducksare



infectedwith bothHPAI andLPAI IAV strains(FlemingCanepaetal., 2019).In thesestudies,
RIG-1 is upregulateanuchmoreduring HPAI infectionthanLPAI infection.In Muscovyducks
RIG-1 mRNA expressiompeakedat 2 DPI in brainandspleenwhile expressiorwashighestl
DPIlin thelungandbursa(Chengetal.,20153. Muscovyducksaremoresusceptiblé¢o
influenzainfectionthanmallardducks(Phuongdo etal., 2011),andthis slight delayin RIG-I

upregulatiormay contribute.

1.2.2MDA5

MDA5 wasoftenthoughtto be of lessimportancen IAV infectionbecaus®f its
preferencdor longerdsRNA, howeversiRNA knockdownof this hostmRNA during IAV
infectionin micedemonstratethatMDAS is alsoanimportantfactorin viral restriction(Benitez
etal.,2015).While it appearshatchickenshavelost RIG-1 (Barberetal., 2010),theyusethe
relatedcytosolicreceptotMDAS to detectlAV andsignalthroughMAVS to inducelFN and
proinflammatorycytokineresponse¢Karpalaetal., 2011;Liniger etal.,2012).Thetreeshrew
lineagealsoappeardo havelost RIG-1, andpathogenpressuresn treeshrewMDAS andLGP2
haveselectedor theability to detectthe RIG-1 agonistSendavirus (SeV)(Xu etal., 2016).
ChickenMDADS5, unlike mammalianMIDA5, preferentiallyrecognizeshortdsRNA (Hayashiet
al., 2014),andlike humanMDAS it canalsobe stimulatedwith long polyinosinicpolycytidylic
acid(poly (I:C) (Barberetal., 2010).1t is currentlyunknownif duck MDA5 hasadsRNAlength
preferenceChickenMDAS alsoappearso haveundergongoositiveselectionandis ableto
recanizeRNA from NewcastleDiseasevirus (NDV) (Xu etal.,2019).Indeed whenthese
mutationswereintroducednto humanMDAS, aglutamicacidto aleucineat position633,the
mutantwasableto bind NDV RNA. Duck MDAS hasprolineatresidue633(Barberetal.,
2010),andthusis notexpectedo detectNDV RNA.

MDAJ5 is mosthighly expressedh thetrachedollowed by theileum, duodenumgrop,
rectum,andcolonin Muscovyducks(Wei etal., 2014),like basalexpressiorof RIG-1 (Chenget
al., 2015a).In hedthy adultchickens MDAS5 wasmosthighly expressedh the spleenfollowed
by thethymusandtrachegBushetal., 2018).ChickenMDAS is stronglyupregulatedn lung,
spleenandbrainin H5N1 infectedbirds (Karpalaetal., 2011).Duck MDAS is upregulatd in
responseo IAV infectionat 1 DPIin thelung, spleenandbrain,andreturnsto normallevelsat
3 DPI (Weietal.,2014;FlemingCanepeaetal., 2019).MDA5 wasalsoslightly upregulatedn
lungsof Pekinducksinfectedwith LPAI, but not significartly upregulatedn intestinesof the



samecohortof ducks(FlemingCanepeetal., 2019).

1.2.3LGP2

LGP2is inducedin humanguringinfluenzainfection.LGP2seemgo functionasbotha
positiveandnegativeregulatorof RIG-I andMDAD5. This contraryeffecton IFN signalingseems
to bedosedependenassmalleramountf LGP2helpincreaseMIDAS andRIG-| activation
while overexpressiorof LGP2inhibitsit (Rothenfusseetal., 2005;Satohetal., 2010).In mice
infectedwith 1AV, LGP2attenwatesthe IFN responseperhapsn aneffort to controldamaging
inflammatoryresponseéMalur etal., 2012).RecentlyLGP2 hasalsobeenimplicatedin
inhibition of Dicer dependenprocessingf dSRNA, thusinhibiting RNAI (vanderVeenetal.,
2018).Musmvy ducksinfectedwith HPAI H5N1 hadupregulatiorof duckLPG2 (duLGP2)in
thespleemat 1 DPI (Jiaoetal., 2015).In thelung andbrain,duLGP2wasupregulatecdn both 1
and2 DPI suggestinghatduLGP2is involvedin theearlyresponséo IAV. Thisis thesame
expressiorpatternseenn geeseanfectedwith this strainof HSN1 (Wei L. etal.,2016).No
studieshavebeenpublishedo dateon duLGP2interactionswith RIG-1 duringlAV infection.
However,duLGP2wasimportantduringduckenteritisvirus (DEV) infectionthrough
interactionswith MDA5 (Huo etal., 2019).Overexpressionf chickenLGP2 (chLGP2)reduced
IFN signalingin IAV infectedcells,howeversilencingof the LGP2genein chickencellsalso
decreasetFN-b production,suggestinghLGP2is importantfor MDAS signalenhancemerdt
low expressionevels(Liniger etal., 2012).1t is unknownif duLGP2augmentsignalingwith
duckRIG-I or MDAS.

1.2.4TRIM25

Tripartite motif protein25 (TRIM25) canbothaugmentFN signaling(Gacketal., 2007)
ard directly restrictvirus in mammalgMeyersonretal., 2017). TRIM25 is knownto stabilize
RIG-I CARD domaininteractionwith MAVS CARD domainsandincreasdFN production
duringaninfection(Gacketal.,2007).The CARD domainsof RIG-1 areexposedvhenRIG-I
recognizewviral RNA, atwhich point TRIM25 bindsto RIG-I CARD domainsusingits C-
terminalPRY-SPRYdomain.Usingthe E3 ligaseactivity of its RING domain, TRIM25
polyubiquitinateRIG-I, attachingk63-linked ubiquitin chainsto lysineresidueson RIG-I.
Stabilizationof the RIG-I CARD domaintetramerallowsit to nucleateMAVS filament
formation(Peisleyetal., 2014).TRIM25 canalsophysicallyblock vVRNA transcriptionin the
nucleusby bindingto thevRNP complex(Meyersonretal., 2017).Whetherduck TRIM25 has



theability to restrictviral RNA transcriptiomnot yet beenexamined.

Duck TRIM25 performsmuchthe samefunctionashumanTRIM25 in RIG-1 stabilization.
HumanTRIM25 ubiquitinatedysine 172 of humanRIG-1 CARD domainsputthislysineis not
conservedn ducks.Instead duck TRIM25 ubiquitinatesK167 andK193 (Miranzo-Navarroet
al, 2014).Mutation of eitherlysine sitealonein the duckdid not alterubiquitinationpatternsof
the CARD domains howevemutationof bothsitesabrogateaovalentlyattachedubiquitin.
Interestingly, duck TRIM25 in our transfectiorexperimentsouldstill activatethesedouble
mutants suggestinginanchoredibiquitin could alsostabilizeRIG-1 in theduck. Chicken
TRIM25 augmentdFN signaling,howeverthe mechanisnis unclearin theabsencef RIG-I
(Rajsbaunetal., 2012).In humancells,along noncodingRNA (IncRNA) Lnczc3h7aalso
contributedo stabilizingtheinteractionbetweenTRIM25 andRIG-1 CARD domaing(Lin etal.,
2019).Recently duckIncRNA were analyzedduringHPAI andLPAI infectionto determine
which weredifferentially expresse@dndpotentiallyinvolvedin influenzaA control(Lu etal.,
2019).This studydid notassessvhetherinczc3h7as differentially expressedyoris it knownif
ducklnczc3h7acanfunctionin the samemanner put this augmentatioy IncCRNAs maywell
beconserved.

In healthychickens,TRIM25 is mosthighly expressedh thelung, spleenandthymusand
is upregulatedn respons&o NDV in the spleenthymus,andbursa(Fengetal., 2015).To date,
we areunawareof studiedooking at TRIM25 basaltissueexpressionn duck,howeverwe
showedTRIM25 is upregulatedn thelung of HPAI infectedducksandslightly upregulatedn
lung of LPAI infectedducksat 1 DPI (FlemingCanepaetal., 2019).

1.2.5MAVS

MAVS proteinis anadaptomroteinthatactsasa signalingamplifier duringviral infection
throughinteractionswith bothRIG-1 andMDAS5 (Figurel.1). MAVS formsii pr-i ok e 0
aggregatesn the surfaceof the mitochondriawhennucleatedy tetramersf CARD domainsof
RIG-I or MDAS (Kawaietal., 2005;Houetal.,2011). The2CARD domainsof RIG-I form a
helicaltetramericstructureoffsetby 1 unit, andthis helicalassemblyecruitsMAVS CARD
monomergWu etal., 2014).The helicalassemblyof tetramericRIG-1 andelongationof MAVS
filamentsis necessaryor signaltransductiorby MAVS. Althoughduckshavevery different
aminoacidsequencewithin theseCARD domainscomparedo mammalswe showedhe
helicalassemblyof d2CARD with MAVS leadsto signalactivationaswell (Wu etal., 2014).



FilamentousMAVs thenrecruitstumornecrosidactorreceptorassociatediactor 3 (TRAF3),
which actsasanadaptomproteinto phosphorylatd ANK -bindingkinasel (TBK1) andinhibitor
of nuclearfactore B | akiBgse(IKK) (Fitzgeraldetal.,2003;Liu S.etal.,2015).Fromthere
transcriptionfactorssuchasinterferonregulatoryfactor 3 or 7 (IRF3/IRF7)areactivatedo
inducelFN production.

Duck MAVS expressionn healthytissuesvarieddependingn the ageof theduckstested.
In 3-weekold CherryValley ducks,MAVS expressiorwashighestin the pancreadljver and
heart(Li N. etal.,2016),while in 2-monthold CherryValley ducks,tissueexpressiorwasmore
ubiquitouswith slightly higherexpressiorseenn thetracheaandheart(Li H. etal.,2016).
MAVS basalexpressionn adultchickenss alsomoreubiquitouswith only slighterhigher
expressiorseenn thespleenheart,andthymus(Bushetal., 2018). The humanproteinatlas
showsthathumanMAVS is expresseth almostall tissuesput curiouslyhasthelowest
expressionn innateimmunecellssuchasdendriticcells,monocytesT-cells,andB-cells (Uhlen
etal.,2015).Pekinduck MAVS is upregulated. DPIin bothHPAI andLPAI infectionin lungs,
howevemo MAVS upregulationvasseenn ileum of LPAI infectedducks(FlemingCanepaet
al., 2019).

1.2.6TBK1

TBK1 activatedFN-b productionby phosphorylatingRF3 allowingit to dimerizeand
translocateo the nucleusandinitiatetypel IFN production(Fitzgeraldetal., 2003;Liu S.etal.,
2015)(Figurel.1). In humansTBK1 (huTBK1) expressions highestin braintissuesadrenal
glandsJungs,andthe upperdigestivetract(Uhlenetal., 2015).ChickensexpressTBK1 highes
in spleenjung, andthymus(Wangetal., 2017).This contrastawith 1-monthold CherryValley
ducks,wherethe highestexpressiorwasseenin theliver, heart,andduodenun{Huaetal.,
2018).Very little expressiorwasseenn healthylungs,spleenor bursaof theseducks.Duck
TBK1 (duTBK1)wasshownto functionsimilarly to huTBK1in thatoverexpressiowasableto
activatelFN-b NF-a BandIRF1 promoteractivity in duckembryonicfibroblast(DEF) cells.
Silencingof endogenouduTBK1in DEF cellsalso significantlyreduced FN-b promoter
activity in DEF cells.As basaltissueexpressiorof manyduck PRRanddownstreansignaling
componentseemso favor havingreducedexpressiorof theseproteinsin immunerelevantsites,
we suggesthatthis could be anotheldevel of immuneregulationthatis protectiveto the duck.
Experimentatlysregulatiorof basaltissueexpressiorof proteinssuchasTBK1 andIRF7 could

10



bedoneto investigatethis question.

1.2.7TRAF3

TRAF3 operatesiownstreanof bothTLRs aswell asRLRsto aid in signaltransduction
andamplification(Hackeretal., 2006)(Figure1.1). In the RIG-1 signalingpathway, TRAF3 acts
asanadaptordownstreanof MAVS, by recruitingTBK1 andl K Kidbhosphorylatéhe
transcriptionfactorIRF3 (Guoetal, 2007). TRAF3is mosthighly expressedh lung, spleenand
thymusof 2-weekold chickens(Yangetal., 2015).Duck TRAF3 (duTRAF3)however hasa
uniform expressiompatternwith only slightly higheramountsof TRAF3 expressiorseenn the
brain,and thelowestlevelsin thelung (Wei etal., 2018).In chickenembryonicfibroblasts
(CEF)cells, TRAF3 (chTRAF3)is upregulatedn responseo poly (I:C) stimulation,NDV
infectionandpoly dA-dT, suggestingt is importantin bothDNA andRNA viral infections
(Yangetal., 2015).Similarly, duTRAF3is alsoupregulatedn DEF cells stimulatedwith poly
(I:C) andtheauthorsalsofoundthatoverexpressioof duTRAF3could controlbothlAV and
duck Tembusuwirus replication(Wei etal., 2018).

Curiously,atruncatedversionof duTRAF3wasalsofound,namedduTRAF3S (splice
isoformduck TRAF3) (Wei etal., 2018).This splicevariantis missingkey N-terminalcatalytic
domainsbut canstill bind to bothTBK1 andMAVS with its C-terminal TRAF domain.
DUTRAF3-S caninteractwith duTRAF3butnot MAVS, thusdecreasindgFN-b production.
Atfter poly (I:C) stimulation,DEF cellsexpressnoreduTRAF3until 9 HPI, atwhich point
duTRAF3mMRNA expressiorbeginsto decreasandduTRAF3S mRNA expressiorbeginsto
increaseThis spliceisoformmayactto dampenFN signalingin the latertime pointsof
infectionto reducedamagdrom inflammation.In summaryduTRAF3is mosthighly expressed
in thebrainin healthyducks,while chickensexpressnorein thelung, spleenandthymus.

1.2.8IRF7

IRF3is aknownimportantmediatorof thetype| interferonsystemin mammalsIRF3is
ubiquitouslyexpressedslow to degradeanda potenttranscriptionabctivatorof Typel IFN
productionin mammalgHondaet al, 2006).Birds appeato bemissingIRF3, howevertheydo
havelRF7 (Cormicanetal.,2009;Huangetal., 2010).Avian IRF7 is structurallylike IRF3,
suggestinghatit mayplay a similar role to thatof IRF3in mammalsRecentbioinformatics
analysishasconfirmedthatchickenlRF7 clustersmorecloselyto IRF3 of lower vertebrateyet

is locatedin aregionwith high syntenyto mammalianRF7 (Chengetal., 2019b).
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IRF3, ratherthanlRF7,is considerednoreimportantfor theinitial responséo viral
infection.In mammaldRF3 is constitutivelyexpresseih mosttissuesandseemgo havealong
half-life (Prakashetal., 2006;Hiscott,2007).Activation of IRF3 resultsin increasedypel IFN
signalingandaneventuaincreasean transcriptionof IRF7, which hasavery shorthdf-life,
comparativelylRF7,in turn,amplifiesboth Typel andTypelll IFN signaling(Satoetal.,
1998).In mice,knockdownof IRF3is notdetrimentato the IFN responséo IAV, however
knockdownof IRF7 leavesmice muchmoresusceptibldéo infectionanda doubleknockoutof
bothtranscriptionfactorsrenderamice unableto producelFN-Uor IFN-b (Hatesueetal., 2017).
Humanswho havemutationsin IRF7 aremoresusceptibldo life threateningnfectionsby 1AV
(Ciancanellietal., 2015).Thereis velry little expressiorof duckIRF7 (dulRF7)in thelung of
uninfectedducks,andgreaterexpressiorseenin theliver andintestine(Chenetal., 2019).
ChickenIRF7 (chIRF7)is mosthighly expressedh the spleemandlung of healthychickens
(Chengetal., 2019b).

Recentesearchasfocusedontherole of IRF7 in inhibition of IAV throughlFN mediated
responses chickensandducks.ChickenlRF7 (chIRF7)is involvedin antiviral responseand
playsanalogousolesto thatof mammalianRF3. RecentstudieshavefoundthatchlRF7canbe
inducedto translocatecrosghe nucleusdownstreanof bothchMAVS andchickenstimulator
of interferongeneqchSTING),andchIRF7dimerizesfollowing chTBK1 activation,allowing it
to increasdFN-b signaling(Wangetal., 2019).Initial experimentsnvestigatingfunctionfound
thatoverexpressioonf chIRF7increasedFN-b expressior{(Kim etal, 2015).However their
knockdownof chIRF7did not significantly changdFN-b expressiorduring poly (1:C)
stimulationsuggestingthertranscriptionfactorsmay beinvolved. Contradictoryresultswere
publishedn 2019showingc h i r DHR-Iicéllswereunableto producelFN-b gvenwhen
transfectedvith MAVS or STING (Chengetal., 2019b).DulRF7upregulatesypel IFNs but
doesnot affecttypell IFN expressior{Chenetal., 2019).We showedhatdulRF7increases
IFN-b signalingwhenoverexpresseth DF-1 cells(Xiao etal., 2018).We alsoobservediulRF7
translocateo the nucleusuponstimulationwith constitutivelyactiveRIG-I 2CARD. When
chIRF7is overexpresseth DF-1 cells,it causedncreasectell deathandresultedn higher
levelsof viral replication(Kim etal., 2018).With transfectiorof mCherryIRF7 (Xiao etal.,
2018),we alsoobservedncreasedell death.

IRF7 cancontrol viral replicationin ducks.A recentstudydemonstratethatdulRF7can
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controlthe positivesenseRNA virus, duck Tembuswirus in DEF cells(Chenetal., 2019).No
studiesto datehaveexaminedvhetherdulRF7controlslAV, orif it increasewiral replication,
asseenin DF-1 cells. This maybeaninterestingavenueof study,asKim andZhou(2018)
suggesthatchlRF7couldbeatargetof IAV.

1.2.9STING

Stimulatorof interferongene(STING) is a proteinon which manyPRR pathways
convergean orde to increaseNF-a BandIFN signalingdownstreanof pathogerpattern
recognition(Figurel1.1). It wasinitially discoverecasanadaptomoleculein thecyclic GMP-
AMP synthasdcGAS)signalingpathway which detectsviral DNA andsubsequentlgrivesthe
inductionof typel IFNs andproinflammatorycytokines(Ishikawaetal., 2009).STING also
interactswith bothRIG-1 andMAVS in mammaliarcellsandis involved with sensingof RNA
viruses(Zhongetal., 2008;Castanieetal., 2010).STING is foundon theendoplasmic
reticulumandcanbe closelyassociatedo MAVS onthemitochondrialoutermembrang€Zhong
etal., 2008;Ishikawaetal., 2009).Acting asa scaffoldingproteinbetweenTBK1 andIRF3,
STING aidsin IRF3 phosphorylatiorandtypel IFN induction(Zhongetal., 2008; Tanakaetal.,
2012).1AV interfereswith STING throughits hemagglutinirfusion peptide effectively
preventingSTING dimerizationandinteractionsvith TBK1 (Holm etal., 2016).In addition,
independentlyf RIG-1 or TLR detection STING alsodetectsRNA viral membrandusion
eventsandpotentiateshe lFN responseuringviral infection(Holm etal., 2012).

Duck STING (DuSTING)sharegt3 and71%identity to humanandchickenSTING
(chSTING),respectively(Chengetal., 2019a) DUSTING is mosthighly expressedh the
glandularstomachfollowed by thetracheajung, smallintestine spleenkidney,andbursa
(Chengetal., 2019a).ChSTINGis mosthighly expressedh thethymus,bursa,spleenjung, and
intestineof uninfectedchickeng(Ranetal., 2018).As chSTINGwasnot analyzedn the
glandularstomacthor tracheaijt is not possiblecompareexpressionio ducks.However,it is
noteworthythatin ducks,STING is moreabundantn thelung thanthe bursaandspleen f
duSTINGis orthologousto mammaliarSTING, it mayreactto IAV fusionquickerin these
tissuesalthoughit is notknownif duSTINGcandetectviral fusion.HumanSTING showslow
tissuespecificexpressionbut hasslightly highermRNA expressionn tonsils,lymphnodesand
lung (Uhlenetal., 2015).

HumanSTING increases$FN-b signalingwhenoverexpresseh 293 T cells(Ishikawaet

13



al., 2009).MEF cellswereshownto requireSTING but not cGASto producelFN afterinfection
with two RNA viruses NDV andSeV.Similarly, duSTING drasticallyincreasedFN-b
promoteractivationwhenoverexpresseh DEF cells. However,whenthe cellswerestimulated
with poly (I:C), STING wasnotrequiredto potentiatehe IFN respons¢Holm etal., 2016).
DuSTING:is highly upregulatedn both spleenandlung in ducksinfectedwith aLPAI HON2.
DuSTINGwasmosthighly upregulatedn day2 in boththesetissuesin lungs,duSTINGwas
only upregulatedn day 2, with day 1 showingno significantincreasevhencomparedo mock
infectedbirds (Chengetal., 2019a).This maybebecausea LPAI strainof virus wasused.It

would beinterestingto look at STING regulationin thesetissuesduringHPAI infection.

1.3 Toll-Like ReceptorPathway

TLRs areimportantpatternrecognitionreceptorghatinduceinnateimmuneresponseto
viral, bacterial fungalandparasiticpoathogengKawai etal., 2010).HumanshavelO TLRs
(TLR1-10) asdo birds, howeverthe TLRs thathavebeenclassifiedin birds are different,as
reviewedby severalgroups(Boydetal., 2007; Temperleyetal., 2008;Brownlie etal., 2011,
Chenetal., 2013;Keestraetal., 2013).Forexample TLR1 in birdshasbeenduplicatedsothat
birdsexpressTLR1aandTLR1b. Similarly, TLR2 has two paralogougenestlr2a andtir2b.
OtherhomologousTLRs expressetby birdsincludeTLR3, TLR4, TLR5, andTLR7, which
leavesTLR8, TLR9, andTLR10 currentlyunaccountedor in avianspeciesBirds alsohavetwo
TLRswhicharenotfoundin mammalsbut havebeenclassifiedin lower vertebratesTLR15and
TLR21.TLR15is upregulatedn responséo bacterialpathogensn chickengNerrenetal.,
2010),andrecognizes yeastderivedagonist(Boyd et al., 2012)anddiacylatedipopeptide
from mycoplasmgOvenetal., 2013).TLR21 functionsanalogousiyto TLR9 in humansn that
it recognize<pGoligodeoxynucleotide€CpGODN) in bothduck (ChengD. etal.,2019)and
chicken(Brownlie etal., 2009).

TLRs canbeexpressedthothextraandintracellularly,with the cell surfaceTLRs being
moreadeptat detectingextracellulapathogen¢TLR1, 2, 4, 5, and6) (Hopkinsetal, 2005).
Likewise, TLRsthatarein endosomesyr in otherintracellularcompartmentsaremore
specializedn detectingntracellularpathoges, suchasviruses(TLR3, 7, 8, and9). Specific
TLRs,suchasTLR3, TLR7,andTLR8 recognizeviral RNA andplay importantrolesin the
defenseagainsiAV in mammalgAlexopoulouetal., 2001).
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PAMPsaredetectedhroughthe TLR ectodomairwith leucinerich repeat{LRR) and
signaldownstreamo producelFNs andothercytokinesthroughtheir cytoplasmicToll/IL -1
receptor(TIR) domain(Botosetal., 2011). TLRs areactivatedanddifferentadaptomproteinsare
recruitedto amplify the signal. TIR-domaincortaining adaptetinducinginterferonb (TRIF)
dependenpathwaysnducetypel IFN productionthroughTBK1 andIRF3 activation(Satoet
al., 2003;Yamamotoeet al., 2003).Myeloid differentiationprimaryresponsé8 (MyD88)
dependenpathwaysnduceNF-a Boroinflammatorygeneexpressiorthroughrecruitmentof
TRAF6 andeventualctivationof the IKK signalingcomplex(Hemmietal.,2002;Muroi etal.,
2008).

Inductionof TLR signalingincrease$FN productionandcytokinesignalingin both
mammaliarandaviancells. As such treatmenbf cellswith TLR specificligandssuchaspoly
(I:C), lipopolysaccharid¢LPS)andCpG ODN canreducelAV replicationin bothmammals
(Cluff etal., 2005;Shinyaetal., 2011)andchickeng(St. Pauletal., 2012;Barjestetetal., 2014).
TLRs canalsoactsynergisticallyto produceproinflammatoryresponsedn chickenmonocytes,
stimulatingwith the TLR3 ligand poly (I:C) resultedn anincreasen mRNA of typel IFNS (He
etal., 2012).Co-stimulationof thesechickenmonocytesvith the TLR21 ligand CpG-ODN and
poly (I:C) resultedn anevengreatelincreaseof proinflammatorycytokinesthancells stimulated
with asingleligandandbiasedhecellsto a ThltyperesponseSinceonly TLR3 and7 directly
detectlAV duringinfection in birds,we will focusontheseTLRsin the nexttwo sections.

1.3.1TLR3

TLR3is anendosomal LR thatrecognizesisRNAor replicatingviral intermediatesind
activated\NF-a Bsignalingin a TRIF dependensignalingpathway(Alexopoulouetal., 2001)
(Figure1.1). In humans;TLR3 is predominantlyexpressedh the placentafollowed by smaller
but still significantamountdn the smallintestineandlower amountsn mostothertissues
(Uhlenetal., 2015).1t is alsoconstitutivelyexpresseth bronchialandalveolarepithelialcells
(Guillot etal., 2005).Infection of the humancell line A549 (alveolarepithelialcell line) with
IAV resultedn anupregulatiorof TLR3 (Wu etal., 2015).TLR3 stimulationduringinfluenza
infectionresultedn activationof IRF3 andincreasedypelll IFN productionWhenTLR3
knockoutmicewereinfectedwith influenzatheyhada surprisingsurvivaladvantagever
wildtype mice,despitehavinghigherviral titresin theirlungs(Le Goffic etal., 2006),
highlightingthe conplexrole of this PRRin influenzarestriction.
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Tissueexpressiorof TLR3 differs betweerducksandchickens(Figure1.2B). In
uninfectedissuesPekinduck TLR3 is expressedthighestin thetracheawith lower expression
seenn thedigestivetissuesandthelung (ZhangM. etal., 2015).Muscovyducks,which are
moresusceptibléo influenzavirus infectionthanPekinor mallardducks(PantinJackwoodet
al., 2013)showhigherexpressiorof TLR3 in thetracheaspleenpancreaslung, anddigegive
tissueqJiaoetal., 2012).Thus,Muscovyducksshowhigh basalexpressiorof TLR3 in many
tissueswhile Pekinduckshadhigh expressioronly in trachealn chickenspasalTLR3
expressions highestin intestine liver, andkidney (Igbal etal., 2005). TLR3 wasconstitutively
expressedh chickenheterophil{Kogutetal., 2005).

After infectionwith HPAI virus, Muscovyduck TLR3 wasupregulatedt 24 HPI in the
lung andbrain,with sustainexpressionn the brain (eventhoughthis is a non-fatal infectionin
Muscovyducks)(Jiaoetal., 2012).Therewasno increasedxpressionn thespleenln contrast,
transcriptomiaatafrom Shaoxinmallardducksinfectedwith a HPAI H5N1 showincreased
TLR3 expressionn thelungs,peakingon day 2 of infection (Huangetal., 2013).This
discrepancyetweerthe MuscovyduckandShaoxinmallard TLR3 expressiordatamaybedue
to thestrainsof virus usedin theinfection (DK212 vs. DK49; bothH5N1) but not ageof the
birdsasbothexperimentsised4-weekold ducks. Chickensupregulated’LR3 in thelung during
HPAI H5N1 infectionwhenreplicatingvirus wasstill presenin lung tissueqRanawarestal.,
2016).In reovirusinfectedducks, TLR3 expressiompeakedat 72 HP1 in thelung, while spleen
andbursashoweda sustainedesponsdrom 24 to 48 h (ZhangM. etal., 2015).Theseresultsare
of interestasReovirusinfectionin Muscovyduck cancausamortality in 20i 40% of infected

animals(Malkinsonetal., 1981;Wozniakowskietal., 2014).

1.3.2TRIF

TRIF is theadaptomoleculedownstreanof TLR3 andTLR4 andprovidesa signaling
platformto recruitotheradaptomproteinsandincreasaype | IFNs andproinflammatorycytokine
expressior{Figurel.1). Similarto humangYamamotcetal., 2003),in uninfectedissues, ducks
expressIRIF mosthighly in the pancreasndspleen(Wei X. etal.,2016)(Figure1.2B).
ChickenTRIF expressiorwasfoundto behighestin thececum heart liver, spleenandkidney
(Wheatonretal., 2007).Expressiorof duck TRIF peaksat 12 h after treatmeniwvith poly (I:C),
however jt peaksmuchlaterat 36 h postinfectionwith IAV (Wei X. etal., 2016),likely dueto
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viral suppressiomf IFN signalingpathwaysn infectedcells.

1.3.3TLR7

HumanTLR7 producesarobusttypel IFN responseipan detectionof IAV or other
ssRNAvirusesusingthe MyD88-dependenpathway(Dieboldetal., 2004;Lund etal., 2004).
TLR7 is highly expressedhy murineplasmacytoidiendriticcells (pDCs)andis locatedin
endosomatompartmentsvhereit candetectincoming viral RNA (Dieboldetal., 2004),and
producehigh levelsof IFN-U RNA from live andinactivatednfluenzavirus canbe detectedy
TLR7 in theendosomef pDCs,providedthe hemagglutiniremainsintactfor receptor
mediatedviral entry (Dieboldetal., 2004) TLR7 detectionis thusknownto inducelFN-U and
proinflammatorycytokines(Figurel.1). Suggestinghattherole of TLR7 andRIG-1 signalingis
complicatedn influenzainfection, T | r 71 / T khackatmiteisuccumhquickly to alethal
influenzainfectionasexpectedhoweverinfectionwith alow viral doserevealedhat
proinflammatorysignalingpromotedviral replicationby recruitingsusceptiblenonocytegPang
etal.,2013).0ddly, humanshaveenhancedissueexpressiorof TLR7 in the brain with lower
expressionn mucosatissuegUhlenetal., 2015).

Tissueexpressiorof TLR7 is notablydifferentbetweerhealthyducksandchickens
(Figurel.2B). Duck TLR7 is expressethe highestin spleenpursa,andlung (MacDonaldetal.,
2008;Kannakietal.,2018).In chickenspasalTLR7 expressions highestin spleenpursa,and
intestinewith very little expressionn thelung (Igbal etal., 2005;Philbin etal., 2005),initially
suggestinghatthis distributionmayplay arole in chickensuscepbility to HPAI strainsthat
replicatein thelungs.However the chickenmacrophageell line HD11 expressekigh levelsof
TLR7 (Philbinetal., 2005),andboth primary macrophageandheterophilsconstitutively
expressILR7 in otherstudies(Kogutetal., 2005).Thechickenatlason the BioGPSserver
agreeswith the previousstudiesin that TLR7 expressioris limited in thelung, andhigherin
tissuessuchasthe spleenpursaandimmunecells (Bushetal., 2018).1t is howeverworth
notingthat TLR7 basalexpressionn chickenss slightly variabledependingpnthe breedand
ageof chickensampled Stimulationusing TLR7 agonistdecreasediral replicationin chicken
macrophage&Stewartet al., 2012;Barjestetetal., 2014;Abdul-Caderet al., 2018),indicating
TLR7 caninducelFNsin thosecell types.Thus,chickenstrainsmayvary with respecto TLR7
expressionDucksinfectedwith HPAI upregulateTLR7 mosthighly in theirlungs2 DPI while
chickensnfectedwith the samevirus hadonly aslightincreasdan expressiorat 1 DPI
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(Cornelisseretal., 2013).In contrastducksinfectedwith a LPAI H7N9 hadonly marginal
upregulatiorof TLR7 In theirlungs0.8 DPI, while chickenshada significantincreasen this

expressior®.8 DPI (Cornelisseretal., 2012).

1.3.4MyD88

MyD88 conveysthe signaldownstreanof mostof the TLRs, to induceaninflammatory
responseipondetectionof pathogengFigurel.1). MyD88 signalingwasfoundto beimportant
for protectingmiceduring primaryinfluenzainfection,asMyD8 8 1 khackoutmiceweremore
susceptibléSeoetal., 2010).MyD88 mayalsobe animportantfactorin initiating damaging
cytokinestormsin the host,sincetherewasa significantreductionin proinflammatorycytokines
andactivatedmacrophageandneutophilsin thelungsof My D 8 8 mi¢ejbutnotT RI FT / 1
mice,following IAV infection(Teijaroetal.,2014).Duckshavetwo isoformsof the myd88
genethathavebeencharacterizedhamedDuMyD88-X1 andDuMyD88-X2 (Chengetal.,
2015b).DuMyD88-X2 is atruncatedversionthatencodes prematurestopcodonandproduces
aproteinwith aninterruptionin the TIR signalingdomain.DuMyD88-X1 is highly expressedh
uninfectedducksin all immunerelevanttissuesncludingthelung, intestine andbursabut it
shovedthe strongesexpressionn the spleen(Figure1.2B). DuMyD88-X2 wasexpresseth
thesesametissuesbut to a muchlower extentthanthe X1 isoform. Both isoformsof MyD88
couldactivatethe IL-6 promoterandinduceNF-a Bactivity in duckcells.In duds challenged
with NDV, the X1 isoformwasupregulatedn liver andspleenNeitherisoformwasashighly
expressedh thelung duringNDV infection,andno studieshavelookedat the expressiorof
thesegeneduringinfluenzainfection. Threeisoformsof MyD88 havebeenfoundin chickens
(namedVlyD88-1, 2, and3) (Qiu etal., 2008).ChickenMyD88 (chMyD88)is thelargestof the
isoforms,andis ubiquitouslyexpressedyhich agreeswith previousresearcton chMyD88
expressioralthoughit is of notethatthesestudiesdemonstratedlightly morechMyD88
expressionn thethymus,liver, andspleerthanin othertissuegestedWheatoretal., 2007).
ChMyDB88is not significantlyupregulatedn DF-1 cellsinfectedwith influenza(Barberetal.,
2013).Upregulatian in influenzainfectedchickentissueshasnot beenexplored but MyD88 is
upregulatedy LPStreatmen{Wheatoretal., 2007).As MyD88 playsarole in immunesystem
deriveddamageduringinfluenzainfectionin mammalsjt would beinterestingto know if

chMyD88activationis significantly differentfrom theduck.
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14 NLR Receptor® the NLRP3 Inflammasome

1.4.1NLRP3

TheNOD-like receptorfamily pyrin domaincontaining3 (NLRP3) canform multi protein
complexinflammasomesyhich possessautocatalytiacivity. This activity canactivatecaspase
1 andinducethe productionof proinflammatorycytokineslL -1 fandIL-18 (Figurel.1). NLRP3
inflammasomenductioncanoccurin immunecellssuchasmacrophage@irhoneretal., 2001)
anddendriticcells (Fernanézetal., 2016)andaswell in othercell typessuchasfibroblastsand
epithelialcells (Allen etal., 2009;Pothlichetetal., 2013).Deletionof NLRP3in micecauses
decreas@& immunecell recruitmento the site of infectionandpooroutcomesvheninfected
with influenza(Allen etal., 2009; Thomasetal., 2009).

Tissueexpressiorof NLRP3differs betweerducksandchickens(Figure1.2C). NLRP3is
fairly ubiquitouslyexpressedh healthychickentissuesbut mosthighly expressedh chicken
tracheaand lung (Ye etal., 2015).Duck NLRP3,however,is mosthighly expressedh the
pancreasvith very low expressionn thelung andslightly higherexpressionn thetrachegLi et
al., 2018).This expressiorprofile is of interestasNLRP3inflammasomectivationhasbeen
associateavith contributingto cytokinestormsandseverepathologyfrom influenzainfection
(Teijaroetal., 2014).We areunawareof studiesdetailingthe NLRP3inflammasomeesponse¢o

influenzainfectionin eitherchickenor duck.

1.42IRF1

IRF1is knownto beanactivatorof IFNs thoughseveramechanismgsyut oneof
importancaes its regulationof the NLRP3inflammasomédKuriakoseetal., 2018)(Figure1.1). It
is thoughtthatby regulatingthe NLRP3inflammasomelRF1 contributeso apoptosisand
necroptosigiuringinfluenzainfection. Kuchipudietal. (2012)suggesthatduckcellsaremore
likely to becomeapoptoticwheninfectedwith IAV thanchickencdls. Indeed DEF cells
infectedwith HPAI strainsthatareknownto causeseveresymptomsn infectedduckshad
decreasedpoptosigKuchipudietal.,2012).Thus,IRF1 asaregulatorof earlyapoptotic
responseés aninterestingcandidateo studyin ducks. HumanIRF1 is expressedthighestin the
spleenandtheliver (Uhlenetal., 2015).Duck IRF1 (dulRF1)is mosthighly expresseah liver
andspleenfollowed by the pancreasanddigestivetissuessuchasthe stomachandduodenum.
Interestingly,it is expressedn very low levelsin thelung andtrachegQianetal., 2018)(Figure
1.2C). Thechickenatlason the BioGPSserverindicateshatchickenlRF1 (chIRF1)expression
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in healthyadultbirdsis highestin thelung, spleenandthymus(Bushetal., 2018.

Overexpressionf chiIRF1in DF-1 cellscaused significantincreaseof IFN-b Mx, and
MDAS5 mRNA (Liu Y. etal.,2018).chIRF1mRNA alsosubstantiallyincreased.2 HPI after
infectionwith eitherlAV or NDV. Thesetranscriptgapidly droppedbackdownto basallevels
after12 h. Poly (I:C) stimulationof duckfibroblastsresultedn dulRF1transcriptgpeakingat 12
HPI andthendecreasingasin chickencells.However,whenthesecellswereinfectedwith
H5N1thedulRFIMRNA beganto increaseat 12 HPI andcontinuedo increaseuntil 48 HPI.
Thedelayin theduckresponsenaybe dueto straindifferencesetweenvirusesused(Qianet
al., 2018)asthechIRF1studyusedA/Chicken/Shanghai/010/20BI9N2) while the dulRF1
studyusedA/Duck/Hubei/hangmei02006(H5N1). DulRF1linteractswith MyD88 to increase
IFN-b independentlyf IRF7,andoverexpressionf dulRF1notonly upregulatedypel IFNs
butalsoTypelll IFN (IFN-a- JQianetal.,2018).Whenduckswereinfectedwith HGN2, dulRF1
transcriptgpeakedat 36 HPI, ratherlatein infectioncomparedo otherISGsor IFNs mentioned
in this article. As dulRF1doesnot signaldownstreanof RIG-I, it couldbe usedasasecondary
pathwayto limit viral replication.Overexpressionf dulRFlalsolimited HON6 andH5N1 viral
replication.

1.5 Interferon Responsesind ISGS
1.5.1Typel IFNs

Typel interferonsincludelFN-UandIFN-b bothwhich arepresenin birds (Santhakumar
etal.,2017).Airway epithelium,macrophagessndpDC areresponsibldor mostof thetype |
IFNs producedduringviral infection(Onoguchietal., 2007;Khaitov etal., 2009;Crottaetal.,
2013).Plasmacytoidiendriticcellsareknownto producemuchof theinitial IFN-U(lto etal.,
2005;Liu, 2005),andit is thoughtthatthe autocrineacion of IFN-Uon thepDCsupregulates
antiviral factorssuchasMx1 andthusprotectsagainsinfluenzainfection(Cellaetal., 1999).An
earlyIFN responsegenerallyprovidesmorepositiveoutcomesn infection,andstudieshavealso
implicatedtypel IFN responseasafactorthatcanreducepro-inflammatorycytokinerelease
andthuslimit damaggBilliau, 2006;Guardaetal., 2011;Arimori etal., 2013).

Both transcriptomicandgPCRstudieshavedemonstratethatduckshavearobustbut

shortresponsef typel IFNsin respons@o HPAI (Cagleetal.,2011;Vanderveretal.,2012;
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Saitoetal., 2018).Transcriptomiaatademonstratethatlungsof ducksinfectedwith a HPAI
H5N1 strainhadanincreasen IFNA expressiordaysl and2 DPI (Huangetal., 2013). While
IFNs aremoststronglyupregulatedvithin thefirst 24 h, it shouldbe notedthatmanylSGshave
asustainedesponsdor upto 3 DPI (Huangetal.,2013;Smithetal., 2015).Ducksinfectedwith
HPAI H5N1 strainsA/goose/Guangdong/16568/20(6S16568),and
A/duck/Guangdong/16873/2016K16873)showedsustainedesponsesf typel IFNs post
infection.However thetime pointsusedin theseexperimentsvere12 HPl and2 DPI (Wu etal.,
2019).While thesehighly pathogenistrainsof flu couldbeeliciting sustainedesponsesyther
strainsof H5N1 hadthe peakof IFN upregulatiorat 1 DPI (Saitoetal.,2018).LPAI inducesa
relativelyweakIFN responsén ileum of infectedducks(Vanderveretal., 2012).

In ducksinfectedwith HPAI H5N1 strainsVN1203andD4AT, we foundthatIFN-Uand
IFN-b weremostupregulated. DPI in lungsandspleenof infectedbirds (Saitoetal., 2018).
Thespleerhadagreaterincreasean IFN-Utranscriptscomparedo the lung, while lung showed
higherupregulatiorof IFN-b. This mayreflecttherelativecontributionof differentPRRsin
thesetissueswhile TLRs arelargelyresponsibldor IFN-U JFN-b expressioris largely RIG-|
dependen(Opitz etal.,2007).By day2 the IFN responsdnadbeenreducedo mockinfection
levels. Whentestingthe expressiorof IFN-Uin primaryaviancellsinfectedwith eitherH5N1 or
H5N9, it washighestin duckcellsat 12 and24 HPI (Jiangetal., 2011).In chickenandturkey
cells, IFN-Uwasmosthighly expresseat 24 HPI.

Pretreatmenwith IFN-U protectsduckcells, but not adultducksfrom IAV infection. DEF
cellstreatedwith IFN-Ushowareducedviral load aswell asinductionof manylSGs(Gaoetal.,
2018b).Interestingly pre-treatmenbf primary chickenlung cellsandduckfibroblastswith IFN-
Ubeforeinfectionwith IAV reducedFN-Uproductionin boththesecell types(Jiangetal.,
2011).Theprotectiveeffectsof IFN-Useemto be agedependenin the duck. Whenlooking at
survivalratesof 2 daysvs. 3 weeksold ducklingstreaedwith rIFN-Ubeforeinfectionof HPAI
H5N1, thetreatmentwith IFN benefitedthe 2 daysold ducklingsbut notthe 3 weeksold ducks
(Gaoetal., 2018b).TherlFN-Udosemayhavebeeninsufficientto protectthe olderducks,or
alternativelylFN-Uis not protective.In contrast,7 and33-dayold chickenstreatedwith rIFN-U
beforeexposurdo a chickenisolateHIN3 werebothfoundto be protectedMengetal., 2011).
Theseresultsareof interestasgenerallyyoungerducksaremoresusceptibléo IAV infection,

andprotectioncorrelatesvith onsetof RIG-1 expressior{Londtetal., 2010;PantinJackwoodet
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al.,2012).The DK383 H5N1 virus used whichis lethalin ducks(Gaoetal., 2018b),mayimpair
RIG-I signaling,andIFN-Ualoneis not sufficientto protectthe olderducks.Similarly, IFNB
knockoutmice aremuchmoresensitiveto influenza,suggestingFN-Ucannotfully compensate
(Koerneretal., 2007).Theseresultsseemto supportthe hypothesighatanearlyandquick

responsés morebeneficialto theduckthana sustainedypel IFN response.

1.5.2Typell IFNs

IFN-2 is classifiedasatypell IFN andis secretedy NK cells,CD8+lymphocytesand
CD4+T helpercells(Schroderetal., 2004).While IFN-2 hasbeenfoundin somestudiesto be
protectie againstinfluenza(Weissetal., 2010),otherresearcherfaveshownthatby knocking
outthegenesor knockingdowngeneexpressionn mice,absencef IFN-2 protectedhe mice
from severanfectionwith pandemidH1N1 (Califanoetal., 2018).Similarly, otherstudiesin
mice haveshownthatIFN-2 negativelyregulateghe survivalof CD8+ T cellsduringinfluenza
infectionandlimits the numberof influenzaspecificmemorycellsavailableduringaninfection
(Prabhuetal., 2013).

CEFstreatedwith IFN-2 weremoreresistanto infectionby HON2 avianinfluenzavirus
andH1N1 humaninfluenzavirus. Stimulationwith IFN-2 alsoincreasedFN-U / @ngMx
transcriptsn thesecells(Yuk etal., 2016).Likewise, DEF cellstreatedwith recombinantiuck
IFN-2 showedsignificantdecreasem viral replicationwith aHPAI H5N1. Two-dayold ducks
werepretreatedwith IFN-2 beforebeinginfectedwith DK383 1AV serotypeH5NL1. In these
experiment$/10ducksthatwerepretreatedsurvivedtheinfectionat 10 DPI, while in PBS
treatedcontrolsonly 2/10duckssurvived(Gaoetal., 2018a) As ageplayeda factorin IFN-U
pre-treatmenteducingviral loadin ducks,it would beworthwhileto repeatheseexperimentsn
olderducks.To our knowledgeno studieshaveinvestigaedwhetherduck IFN-2 influencesthe
developmenbf memoryT cellsduringlAV infection.

1.5.3Typelll IFNs

Typelll IFNsinduceanantiviral statelike thatof typel IFNs but usedifferentreceptors
for detection Additionally, typelll IFN receptorsaareexpressegredominantlyin airway
epithelialcellsandintestinalepithelia(Sommereyngtal., 2008),unlike type| IFN receptors,
which aremoreubiquitouslyexpressedducksandchickensexpressonekind of typelll IFN
(IFN-&- JKarpalaetal., 2008;Yao etal., 2014;Santhakumaetal., 2017)whereasther

vertebrateproduceoneto four differenttypelll IFNs, dependingnthe speciegKotenkoetal.,
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2003;Chenetal., 2016).

PrimaryCEFandDEF cellsboth producelFN-a-(chIFN-a-anddulFN-a- respectively)n
responséo bothpoly (I:C) stimulationandinfectionwith amouseadaptedstrainof HIN1
(ZhangZ. etal., 2015).Interestingly DEF cells producdessIFN-atranscriptavhenstimulated
with poly (I:C) or infectedwith HLN1 thanCEF cells. ThesesameDEF cellsalsohighly
upregulatdFN-a-receptortranscriptsat 36 HP1 whereaghe CEF cellshighly expressthe
receptortranscriptsat 8 HPI andcontinueto do sountil 36 HPI. A separatstudyfoundthat
chlFN-aswasunableto induceanantiviral statein the chickenfibroblastDF-1 cell line when
infectedwith aHPAI H5N1, indeedthe cellswerenot ableto respondo recombinanthIFN-a-
until theyweretransfectedvith thereceptor(Reuteretal., 2014).This discrepancynaybedue
to theuseof primarycellsin onestudyandanimmortalizedcell line in the other.Immortalized
cellsoftendrasticallycharge genotypeandsothe DF-1 cellsmayhavestoppedexpressinghe
chiFN-a-receptor High levelsof the chIFN-a-receptortranscriptaverefoundin thelung, trachea
andintestine(ZhangZ. etal., 2015),suggestindghatlike chIFN-a-receptorexpressions like that
of humansThereis currentlyvery little researcton dulFN-a- its receptoror antiviral activity,
makingthis a promisingcandidatdor future studiesinto IAV resistancen theduck.

1.6 Other Antiviral proteins of Interest

1.6.1TRIM proteins

TRIM proteinsarea largefamily of intracellularproteinswith diversefunctionssuchas
cell cycleregulation,autophagyproteasomatiegradationgdevelopmentandimmunity which
havebeencomprehensivelyeviewed(van Gentetal., 2018).Most interestindy, someof these
proteinsallow speciesspecificprotectionfrom virusesthroughviral restriction.Oneof thefirst
TRIM proteinsdiscoveredthealphaisoformof TRIM5 ( T R 1 Mvadibundto restrictHIV in
northumanprimateswhile the humanorthologwas unsuccessfuh restrictingthis virus
(Stremlavetal., 2004;Sawyeretal., 2005).This highlightsthe evolutionaryrelationshipthese
proteinshavewith pathogensndsuggestshatmembersof this proteinfamily mightbe
providingtheir hostspeciesa significantadvantage.

A studyfrom 2008listed 38 TRIM genesn chicken,comparedo human rat, mousedog,
andcow ontheir TRIMgeneonlinedatabas€Sardielloetal., 2008).Very few studieshavebeen
doneonavianTRIM proteins. Avian TRIM25 hasa specific role in the activationof RIG-I as
discusse@bovein sectionTRIM25 (Rajsbaunetal., 2012;Miranzo-Navarroetal., 2014).A

23



family of relatedTRIM geneswvasdiscoveredn theavianMHC-B locusin bothchicken(Ruby
etal.,2005;Shiinaetal., 2007) andduck (Blaineetal., 2015),with the MHC locationsuggesting
this geneexpansiommay havearisenfrom pathogerpressuresThesetof TRIM proteinsin the
MHC-B locusof birdsall containthe B30.2/PRY SPRYC-terminaldomainmotif. Proteins
containingthis domainhaverecentlyexpandedn TRIM proteinevolution(Sardielloetal.,
2008).ThePRYSPRYdomainis thoughtto be ableto recognizespecificaminoacid sequences
ratherthanpeptidemotifs, giving it pathogerspecificactivity (Jamesetal., 2007 D'Cruzetal.,
2013).Ducksalsohaveanexpandedutyrophilingenefamily, proteinswhich alsocontaina
B30.2/PRYSPRYomain(Huangetal.,2013).

Of theexpanded RIM genesn theduckMHC, TRIM27.1,andTRIM27-L werefoundto
haveantagonistidunctionsin theMAVS signalingpathway(Blaineetal., 2015). TRIM27-L
significantlyincreasedFN-b signalingin adosedependenmannemwhile TRIM27.1 slightly
decreasethis samesignalingin DF-1 cells. Whenco-expressed RIM27-L activity overrodethe
inhibition of TRIM27.1. CuriouslyTRIM27-L appeardo havebeenlostin Galliformeswhile
beingretainedn Anseriformesptherbirdsandreptiles.As the Galliformeshavealsolost RIG-I
it seemghateitherTRIM27-L expressiowasdetrimentalandthuslostin evolutionor provided
no benefit.Further, TRIM27.1 expressions higherin infectedtissueghanTRIM27-L. As the
decreasén IFN-b wasonly slight, it couldbethat TRIM27.1is playinganotherrole in infection.
TRIM27.1 maybeupregulatedo inhibit influenzawithout influencingcytokinesignaling,as
TRIM32 doesin somehumancell types(Fu etal., 2015).0f thechickenMHC-B TRIM genes,
only TRIM39 hasbeenclonedandtissueexpressioranalyzedput no functionhasbeen
determinedPanetal., 2011).

TRIM23 wasidentified asa differentially expressegenein a microarraystudyfrom ducks
infectedwith bothHPAI andLPAI strainsof 1AV, asupregulated DPIin LPAI butnot HPAI
infections(Kumaretal., 2017).TRIM23 is anancientTRIM with well-consevedstructural
homology,andusests ADP-ribosylationfactor (ARF) domainto activateTBK1 through
GTPaseactivity (Sparreretal., 2017).TBK1 thenactivatesselectiveautophagycontrollingviral
replication.Thisis aninterestingobservatiorasLPAI virus canreplicatein ducksfor manydays
pastinitial infection,andthe upregulatiorof TRIM23 suggest# is worth investigatingwhether
it affectsviral replication.

Finally, TRIM62 wasidentifiedasaretroviralrestrictingproteinin chickencells(Li etal.,
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2019),anduntil recentlyTRIM62 wasonly knownto functionin innateimmunesignaling
augmentatiorn fish (Yangetal.,2016).1t is notknownto be antiviralin mammalsTRIM62
canrestrictretrovirusesn chickensputno investigationof ani-IAV potentialof this proteinhas
beendonein chickensor ducks.

1.6.2avIFIT

Interferorinducedproteinswith tetratricopeptideepeatgIFITs) area family of proteins
which havediversefunctionsin the cell suchasmediatingapoptosissequesteringiral proteins
andcell cycleregulationandhavebeenextensivelyreviewed(Diamondet al., 2013;Fensterlet
al., 2015).IFITs haveundergoneluplicationin mammalsfish andfrogs, while ducksand
chickensonly haveasinglelFIT gene(avIFIT) (Zhouetal.,2013).Evolutionaryanalysisof
duckavlIFIT foundthatit mostcloselyresemblednammalianFIT5 (Wangetal.,2015;Ronget
al., 2018a) HumanlFIT5 is effectivein restrictingRNA virus replicationby bothinteracting
with immunesignalingcomponerg(i.e., RIG-1 andMAVS) (Zhangetal., 2013)andby binding
5apppviral RNA (Abbasetal.,2013).In chickensavIFIT (calledIFIT5 by theauthors)nhibits
viral replicationby interactingwith 5atriphosphatesiral RNA andblocking subsequent
replicaton stepg(Santhakumaet al., 2018),similar to the mechanisnof IFIT1 andIFIT5 in
mammalgAbbasetal.,2013;Habjanetal., 2013).

DuckavlFIT is constitutivelyexpresseth all tissuesat basallevelsbut showshighest
expressionn digestivetissuessuchasintestineandstomachalthoughthe expressiorevelsin
thesetissueds still relativelylow (Wangetal., 2015).To datewe areunawareof anydataon
basalexpressionevelsof avlFIT in the chicken.IFIT5 haslow tissuespecificexpresionin
humangUhlenetal., 2015).Despitethe slight differencesn expressiobetweerhumansand
ducks,IFIT5/avIFIT is highly upregulatedn boththesespeciesvheninducedby IFNSs.
Similarly, studieshavedemonstratethatavIFIT is upregulatediuring influenzainfectionin
chickenintestinalepithelialcellswheninfectedwith LPAI (Kaiseretal., 2016)aswell asin
lungsof chickensnfectedwith HPAI H5N1 (Ranawareetal., 2016).

WhenbothhumanandchickenlFIT5 wereoverexpressenh chickencells, theywere
foundto inhibit viral replicationandlikewise,whenchickenlFIT5 wasknockedout from these
cells,theyweremuchmoresusceptibleéo infection (Santhakumaetal., 2018).ChickenavIFIT
is found nearthemitochondriain chickencells,andashumanIFIT5 interactswith both RIG-I
andMAVS in infectedcells, it would beworthwhileto investigatesubcelluladocationof duck
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avIFIT. DF-1 cellsweredepletedf chickenavIFIT andtransfectedvith duckavIFIT (Ronget
al., 2018a) Duck avIFIT can inhibit IAV in DF-1 cellsandwasshownto do soby both
upregulating F N @ridly bindingtheviral nucleoproteir(NP) from anH5N1 flu strain.This
antiviral activity wasnot limited to only influenzavirus, asin theseexperimentsluckavIFIT
alsorestricteddoublestrandedRNA andDNA viruses.Interestingly,in theseDF-1 cellsduck

avlFIT alsoarrestedcell growthin bothinfectedanduninfectedcells.

1.6.3Mx

Mx1 is anlSG whichis highly upregulatedn responséo viral infection,whosefunction
andregulationasbeenrecentlyreviewed(Halleretal., 2015).It actsasanantiviral effectorand
belongsto alargefamily of GTPasesBoth humansandmice havetwo Mx geneswhile birds
haveone.Mx wasfoundto be protectivein laboratorymice,asmary lab strainswerefoundto
haveisoformsof Mx1 with exondeletionsthatleft thesemice moresusceptibldo influenza
infectionthanmicewith intactMx1 (Lindenmann1962;Horisbergeretal., 1983;Staehelietal.,
1988).

Mx is upregulatedtronglyin brain, lung andspleenof ducksthatshowa stronglFN
responséo infection(Smithetal., 2015;Saitoetal., 2018).Mx allelesarehighly variablein
ducks(Dillon etal., 2010),howeveronly afew of themhavebeenexperimentallyanalyzedor
antiviral function. Whentransfectednto mouseor chickencells,duck Mx wasnot ableto
restrictlAV replication(Bazzigheretal., 1993).ChickenMx weaklyinhibits influenza,andthat
ability is dependentn the breedof chickenthatthe Mx wasclonedfrom (Ko et al., 2002;Fulton
etal.,2014),indicatinghigh diversityin avianMx. ChickenMx alsoappearso be missingthe
GTPaseactivity of mammaliarMx proteins,suggestinghis maybewhy antiviral activity has
beenweakat bestin previousstudiesSchusseetal., 2011).While moreresearclon allelic
variantsandtheir potentialto restrictlAV shouldbedone,it is alsopossiblethatdueto theclose
evolutionaryrelationshipbetween AV andducks,thevirus hasevolvedthe ability to evade
avianMx duringinfection.

1.6.40ASL

Interferorinducible2a5aoligoadenylatesynthas€d OAS) andOAS-like protein(OASL)
aretwo relatedISGsin humanswhich areknownto restrictinfluenza.OAS sensesnddegrades
dsRNAthroughsynthesif oligoadenylatesyhichin turn switcheson RNasel activity (Sarkar
etal.,1999a,bJustesemtal., 2000;Silvermanetal., 2014).RNaseL thendegradesll mMRNA
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in thecell (includingribosomalRNA), thusblockingviral replication.OASL inhibits viral
replicationindependentlypf enzymaticactivity by stabilizingtheinteractionof RIG-1 and
MAVS in asimilar mannerto thatof ubiquitinylationby TRIM25. OASL hasC-terminal
ubiquitin-like domaingthatstabilizeRIG-1 CARD oligomers thuspotentiatingdownstreamFN
signaling(Zhu etal., 2014;lbsenetal., 2015).Birds do not appearto haveOAS, but haveOASL
(Sokaweetal., 1984;TagEl-Din-Hassaretal., 2018).Unlike humanOASL, duck OASL has
oligoadenylatesynthetaseactivity, aswell astheability to restrictviral RNA in anRNaseL
independenmannerRongetal., 2018b).It appearsluck OASL functionsasbothhumanOAS
andOASL, asit canactivatebothRNasel. andRIG-1 pathwaysChickenOASL hasbeenfound
to inhibit WNV in mammaliarcells(TagEl-Din-Hassaretal., 2012. ChickenOASL is highly
upregulatedn trachealepithelialcells24 HPI (Jangetal., 2015).Both ostrichandduck OASL
transfectednto chickenDF-1 cellscould controlreplicationof bothHPAI andLPAI influenza
virus (Rongetal., 2018b).WhenOASL was knockedout of DF-1 cells,the cellsbecamemore
permissiveto influenzainfection. Consistentvith arole in augmentingnnatesignaling,
overexpressionf eitherostrichor duck OASL alsosignificantlyincreasedhe expressiorof
RNasel, aswell asotherimportantimmuneeffectorssuchas! F NIUF NIRF1,IRF7,Mx, and
PKR.

1.6.5PKR

ThedoublestrandedRNA (dsRNA)dependenproteinkinase(PKR) is anISG which
functionsasbothanantiviral effectorandanti-proliferative proteinduringinfection (Garcia et
al., 2006).PKR bindsforeigndsRNAIn the cytoplasmandautophosphorylatesh orderto
becomeactive,atwhich point it thenphosphorylatesukaryoticinitiation factor2 (el~2 U )
causingoroadinhibition of proteintranslationin thecell (Galabu etal., 1987;Hovanessian,
1989).PKR hastwo N-terminaldsRNA-bindingdomainswhich arebothableto recognizeviral
RNA (Nandurietal., 1998),andoneC-terminalkinasedomain.

PKRis animportantantiviral effectorin miceinfectedwith 1AV, asshavn by the
increasedatality rateof PKR knockoutmice wheninfectedwith theH1N1 strainWSN
(Balachandramt al., 2000).ChickenPKR hasbeenfunctionally characterizeénddeterminedo
beantiviralagainstvSV (Ko etal., 2004).StudieshaveshownthatPKR is upregulated
significantlyduringHPAIV H5N1 infection,evenin lethalinfectionsin the chickenwherelFN
productionis limited (Davietetal., 2009). Thenon-structuralproteinl (NS1)of IAV inhibits
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IFN response cellsthroughinteractionsvith OAS andPKR (Ma etal., 2010).Indeed NS1
from HPAI H5N1in aHPAI H7N9 backgroundoundandinhibited PKR in chickenembryos.
PKRis upregulatedn ducksinfectedwith bothHPAI and(to alesserextent)LPAI virus
(FlemingCanepeetal., 2019)but to datewe areunawareof any studiesfunctionally
characterizingluck PKR duringinfluenzainfection. We previouslythoughtthatducksappeared
to bemissingthe seconddsRNA-bindingdomain(FlemingCanepatal., 2019),alsoconfirmed
by anothergroup(Liu W. J.etal., 2018).However,throughtranscriptomiassemblydonein our
lab we havesincefoundatranscriptof the full-lengthPKR, which containshe seconddsRNA-
bindingdomainpreviouslythoughtto be missing.This find suggestshatducksmay
predoninantly expressa splicevariantof PKR missingthe dsRNA-bindingdomain,or thatthis
splicevariantis preferentiallyamplified during PCR.Interestingly it hasbeensuggestedhat
NS1needdo bind boththe kinasedomainof PKR andresiduesl 70/ 230to keepPKR in an
inactiveconformationandpreventit from respondingo dsRNA(Li etal., 2006).Theseresidues
correspondo the secondRNA bindingdomainandthelinker regionof the protein. Thetwo
variantsof duck PKR mayallow ducksto respondo viral RNA despiteNS1antagonismDuck
PKR needdo befunctionally characterizedo determinenot only its antiviral potential but also

expressionevelsof thefull-lengthtranscript.

1.6.6Viperin

Viperin (RSAD2)is highly inducedby Typel IFN, andmanyRNA virus infections.
Viperin inhibits IAV by perturbinglipid raftsandthusinhibiting viral budding(Wangetal.,
2007).Duck viperinis mosthighly expressedh blood,intestine Jung, andspleenin healthy
birds(Zhongetal., 2015).Chickenviperin was upregulatedn bothspleenandlung of IAV
infectedbirdsafter24 h (Goossensgtal., 2015).It wasalsoupregulatedn chickensplenocytes
asearlyas6 h afterpoly (I:C) stimulation.In Newcastlediseas€dNDV) infectedducks,viperin
wasfoundto behighly upregulatedfter24 h in thebloodandpeakedn expressionn thelung
andbrainat 72 HPI (Zhongetal., 2015).Viperin is oneof the mosthighly upregulatedyenesn
ducklungsin responsé¢o HSN1 HPAI infection (FlemingCanepeaetal., 2019),however,the
levelsof viperin expressionn chickensinfectedwith the samestrainof HSN1 wasnot
mentioned Smithetal., 2015).Ducksalsosignificantly upregulatedriperinin responseo LPAI

in thelung, but curiouslynotin theileum (FlemingCanepeet al., 2019).

1.6.71IFITMs
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Interferorinducibletransmembranproteins(IFITMs) areupregulatediponviral
infection,andhaveantiviral activity (Diamondetal., 2013).This viral restrictionusually
happengluringentryin eithertheearlyor lateendosoes.HumanIFITM1, IFITM2, and
IFITM3 haveall beenshownto restrictlAV in vitro (Brassetal., 2009).The namingof theavian
IFITMs hasbeencomplicatedby the evolutionaryhistory of geneduplicationin this region
duringspeciationput sitesfor pog-translationamodificationsidentify IFITM3 asthe genenext
to BAGALNT4 (Smithetal., 2013),andthe duck orthologsfollow the samesynteny(Blyth etal.,
2016).

IFITMS3 restrictslAV in bothduckandchickencells.Ducksupregulateall IFITMs
including IFITM1, IFITM2, andIFITM3 in bothlung andileum duringinfectionwith HPAI,
whereashickensshowedminimal upregulatiorof IFITMs (Smithetal., 2015).Whenduck
IFITM1, IFITM2, IFITM3, andIFITM5 wereoverexpresseih DF-1 cellsandchallengedvith
LPAI, only IFITM3 significantlydecreasediral infection(Blyth etal., 2016).ChickenlFITM3
is alsoableto restrictbothlAV andlyssavirusin DF-1 cells(Smithetal., 2013).As IFITM1 and
IFITM2 alsocontrollAV in humansjt maybethathostpathognco-evolutionhasallowedthe
virusto evadetheseproteinsin ducks.Notably,duck IFITM1 hasaninsertionin exonl, which
changeshe sub-cellularlocalizationof the protein(Blyth etal., 2016),or it would restrict
influenza.A 2017studyfoundtha whenduckIFITM2 wastransfectednto DF-1 cellsit could
controlthereplicationof avianTembuswirus (Chenetal., 2017).Avian Tembuswirusis a
positivesenseRNA virus belongingto the Flaviviridaefamily (Zhangetal., 2017).As IFITM2
restrictsthis virus butnot IAV, it is possiblethateitherthe mammalianFITM2 developedhe
ability to restrictlAV laterin evolution,or thatthe avianstrainswe testedhaveevolvedto
escapdrom IFITM2. Theupregulatiorof IFITM2 duringlAV infectionis mostlikely dueto
interferonstimulationandis notvirus specific.

1.7 A Note on Missing Genesand Dark DNA

Throughouthis reviewwe havespokenaboutgeneghatarepresumednissingfrom
ducks,chickensor birdsin general Becausird genomesontainmany GCrich areagHron et
al., 2015),theyarenotoriouslyhardto amplify usingPCRbasednethodsAs such,genesnay
be presumednissingin nextgeneratiorsequencin@pplicationsaswell aswith exploratory
PCRbasednethodsThis leavesmanygeneghoughtto notexistin birds,simply undiscovered.
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Suchwasthe casewith tumornecrosisactoralpha( T N Pwihich for yearswasthoughtto not
existin chickenslt wasrecentlyclonedandcharacterizedrom chickensandfoundto havevery
low homologyto mammaliarorthologs,aswell ashavea high GC content(Rohdeetal., 2018).
We havealsoupdatedhefull-lengthsequencef PKR thatwasformerly thoughtto be missing
specificdomains Onemethodto helpwith finding undiscoveredjenedrom nextgen
sgjuencingdatais usingmoreadvancedle novo assemblynethodson combinedRNA-seqdata.
With advancesn NGStechnologyandnewsoftwaredevelopmento analyzefragmentedsC
rich RNA-seqdata,we will beableto betterminetranscriptome$or genesaswell asgain
insightinto avianimmunesystemevolution.Furthermorea wealthof genomeanformationfrom

manyavianspeciess becomingavailable.

1.8Conclusiors

In this review,we summarizeaecentadvancesn understandind’RRin ducks,comparing
themto chickenPRR,andanalyzingtheir downstreansignalingadaptorsWe alsoinvestigated
tissueexpressiorof theseinnateimmunecomponentso try to gaininsightinto wherethese
proteinsweremostexpresseddighertissueexpressiorof PRRsandtheir effectos mayallow
ducksto respondmorequickly to IAV in atissuespecificmannerA rapidandrobustresponse
thatis quickly dampenedouldallow ducksto limit damagdrom inflammatorysequelaeDuck
RIG-1 andMDAS5 aremosthighly expressedh thetrachealungandintestinesareasof both
HPAI andLPAI influenzareplication(Figure1.2A). Howeverthe downstreanadaptor
moleculesTBK1, TRAF3 andIRF7 aremostlyexpressedh digestivetissueswith very little
basalexpressionn thelung. This contrastswvith chickenswhich havehigh expressiorof these
proteinsin thelung. This patternmay circumventout-of-controlinflammatoryreactiongo HPAI
andbe protectiveto theduck,but furtherinvestigationis neededo confirmthis. Duck TLR3 is
mosthighly expressedn thetracheawhile duck TLR7 is highestin the lung, fitting a similar
patternto the RLRs (Figure1.2B). Thereappeargo be a similar patternof low lung expression
of theadaptorof TLR3, TRIF, butthereis no dataon ducktrachealexpressiorof TRIF to
confirmthis. Likewise,chickenTRIF basalexpressiorhasnot yet beenlookedatin respiratory
tissuesNLRP3hashighrelativeexpressionn chickenlungs,whereasiuckshavehigherbasal
expressionn their hearts(Figure1.2C). It is interesing to notethatducksseemto expresRRs
atahigh basallevel in areasvhereinfluenzareplicatesput theadaptormoleculesaremuchless

expressedh lung andrespiratorytissuestheareasof HPAI replication.As moretissuesare
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investigatediranriptomemining for expressionevelsof thesePRRsandadaptorsywhere
missing,may helpacompletepictureto emerge.

Throughouthis reviewwe summarizehefunctionandregulationof PRRsin chickens,
ducks,andhumanguringlAV infection.While the differencesin the RLR pathwayarewell-
studiedin ducks,therearecurrentlyfew studieson TLR andNLR andtheir adaptormoleculesn
ducksduringlAV infection. As thesepathwaysconvergeandco-regulateeachother,thisis a
very importantpieceof the storythatis missing.Likewise,manyproteinsmentionedn this
paperhavebeenstudiedat theregulationlevel, but very few havebeenfunctionallyand
biochemicallycharacterized.

We acknowledgehatmuchof thework is yetto be donecharacterizingadgtor proteinsin
IFN andpro-inflammatorycytokinesignalingnetworks.Investigationof theseregulatory
proteinsin ducksandotherbirds, will allow usto seethe conservednechanismsandfind those
thatarenot. Further,we acknowledgehebiasthatmostimmunologicalresearchooks at
positiveregulatorsof innatesignaling.However,asducksareequallyadeptatinitiating and
shuttingdowninflammatoryresponsesye shouldalsobeginto investigatanhibitory proteins
andtheir expressiorandfunction. It shouldalsobe notedthatfunctionalstudiesin innate
immunity in bothducksandchickensarelimited. As such,dataon PRRtissueexpressiorand
upregulations oftenlimited to smallsamplegroups.Tissueexpressiorcanvary with ageand
breedof animals,andall studiesdiscussedhereuseddomestidoreedsof ducks.Whenlooking at
tissueexpressiorof genesasa potentialrouteof resistanceif maybe beneficialto alsolook at
geneexpressionn wild mallards which areconstantlyadaptingandevolving with 1AV. Indeed,
it would beworthwhileunderstandingheallelic diversity of PRRgenesandvariationin function
acrosgmanyspecief wild ducks.This maygive usmoreinsightinto detectionandresistance
to IAV in its naturalhostandreserwir, themallardduck.
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Figure 1.1.Influenza A virus is detectedby severaldifferent innate immune signaling

proteinsin the cell. RIG-I andMDA5 both canbind to viral RNA andsignaldownstream
throughMAVS, TBK1, andIRF7.Viral fusioncanalsobedetectedy theendoplasmic
reticulumlocalizedSTING, which thensignalsthroughTBK1 to induceinterferonproduction
TLRslocatedin theendosomeanrecognizeviral RNA andsignalthroughdifferentadaptor
proteinsto induceproinflammatorycytokinesandIFNs. TLR3 usesTRIF asanadaptorprotein
to amplify signalingthroughTRAF3 or TRAF6, while TLR7 usesthe adaptorMyD88 to signal
throughTRAF3. TLR signalingthroughMyD88 canalsoactivatethe NLRP3inflammasome,

which increasepro-inflammatorycytokineproductionthroughlRF1.
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chickens.Tissueexpressions shownfor component®f RLR (A), TLR (B), andNLRP3
inflammasomé€C) signalingpathwaysWe showrelativeexpressiorof eachgenestudiedin
thosetissues High relativebasalgeneexpressions denotedoy red, while lower expressions
indicatedby pinksandwhites.Gray coloringindicatesno dataavailablefor thegenein the
indicatedtissue All datawasextractedrom individual studiesin this review, andcolor scales
arerelativefor datafrom individual studies All datais for mallardduck,exceptRIG-1 and
MDAD5, which areMuscovyduck.Dataobtainedfor chickenMDAS, MAVS, andIRF1 were
obtainedrom the chickenatlas(http://biogps.org/)andaveragegor eachtissuein adult

chickenswereusedto estimaterelativeexpression.
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CHAPTER 2

TRIM protein family evolution in direct and indirect restriction of Influenza A virus

This chapteroutlinesthe currentunderstandingf the evolutionof TRIM genesand
highlightsTRIM genesnvolvedin indirectpathwaymodulationof antiviral signalingpathways
implicatedin restrictionof influenzaA virus (IAV) in thecell aswell asdirectantiviral activity
of TRIM proteinswhich targetlAV. A comprehense reviewof genesnvolvedin IAV
restrictionin duckscomparedo chickensandhumanscanbefoundin Chapterl, while this
chapterfocuseson TRIM proteinrestrictionof influenzaA virus throughaugmentatiorand

restriction,specifically.

2.1Introdu ction

TRIM proteinsarenamedfor their conservedN-terminaltripartite motif. This motif
consistof a RING domain,oneor two B-box domains anda coiled-coil domain(Ozatoetal.,
2008;Meroni, 2012) The RING domainusuallyactsasan E3 ubiquitin ligasedomain and
catalyzeghereactionof addingubiquitin to substratgroteins(Ardley etal., 2005;Metzgeret
al., 2014) RING domainsalsocanallow someTRIM proteinsto form higherorderstructuresor
oligomerize.The RING domainof TRIM proteinsis a zinc-bindingdomain,anda canonical
RING structureis Cys-X2-Cys-X 930y Cys-X 1-3)HiS/Cys X (2.3 Cys/His X (2-48y Cys-X2-Cys
(Bordenetal., 1996) Theconserveaysteineandhistidineresiduesarelocatedin thefold of the
domainandaid in forming a crossbracestructurethroughtheirinteractionswith two zinc atoms
(Massiah2019) TRIM RING domainsareclassifiedasRING-H2 or RING-C2 dependingon
theresiduelocatedat thefifth conservedite.

B-box domainsarerelatedto RING domainsn thattheyare alsozinc-bindingdomains
with conserveaystineandhistidineresiduesB-box domainsn TRIM proteinsconsistof either
atandemB-boxtypel followed by a B-box typell domain,or asingularB-box domain(Usually
B-box Typell) (Massiah2019) TheB-boxtypel consensusequences CysX,-Cys-X .17y
CysX2-C-X(4-8-Cys-X(2:3-Cys/His X 3 -4)-His-X 510 His [C5(C/H)H2] while the B-box type 2
consensusequences Cys X 2-4)-His-X7-10rAsp/Cys4.7-Cys-X2-Cys-X 3-6)-His-X (2-5)-His
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[CHC(D/C)C2HZ2].B-box typel structuremorecloselyresembleshefold structureseenin
RING domaing(Meroni, 2012) B-box domainfunctionis lesswell understoodhanother
domainshoweverRINGlessTRIM proteinssuchasTRIM16 andTRIM29 canbothconferE3
ubiquitin ligaseactivity, andit is suggestedhis activity comesfrom their B-box domains(Bell et
al.,2012;Xing etal., 2016) B-box domainsalsoaid in oligomerizationrandheterodimerization
of TRIM proteinsto increaseE3 ubiquitin ligaseactivity of RING domaing(Wallenhammaet
al.,2017;Dicksonetal.,2018)

Coiled-coil domainsareoftenassociatedavith higherorderassemblyandoligomerization
of TRIM proteins.In bothT R | M&ndTRIM25, the coiled-coil domainforms anti-parallel
hairpindimers(Sancheztal.,2014) TRIM32 alsooligomerizeausingits coiled-coil domain
(Koliopoulosetal., 2016) This selt-associatiorof TRIM proteinsthroughtheir variousdomains
hasbeensuggestedsnecessaryor theseproteinsto havecatalyticactivity.

TRIM proteirs havevariableC-terminaldomainswhich furtherbreakthemdowninto
subfamilies The C-terminaldomainsof TRIM proteinsarethoughtto offer substratespecificity
to theseproteinsandarewhataid this incredibly diversefamily of proteinsto havesomany
differenttargetsubstratesandcellularfunctions.TRIM proteinsarebrokendowninto 11
subfamiliesdependingon the variableC-terminaldomainpreseni{Shortetal., 2006;Ozatoet
al., 2008;Watanabeetal., 2017) With this designationthereare 11 subfamiliesof TRIM
proteins,denotedasC-I to C-XI (Figure2.1).

In thefollowing sectionswve will outlinewhenthesedifferent C-terminaldomainsfirst
appearedn eukaryoticevolution,asdefinedby Marin andcolleaguegMarin, 2012) aswell as
documengenerafunctionandassociationsf thesesubfamilymembersWe will thenprovidea
comprehensiveeviewof TRIM proteinsthataugmentantiviral signalingpathwaysn thecell,
andTRIM proteinsthatdirectly restrictlAV. Thesesectionssummarzeresearctdoneon
mammalianTRIM proteins,unlessotherwisenoted.Finally, we summarizavhatis knownabout

antiviral TRIM proteinsin invertebratesandlower vertebrates.

2.2TRIM genesn eukaryotes
Thefollowing sectiongdetailsTRIM37, thehypothesizedncestrallRIM, which appears

to bepresenin all eukaryotes.

2.2.1C-VIlI
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TheC-VIII subfamilyis composeaf onemember,TRIM37. Thedefiningcharacteristiof the
C-VIII subfamilyis the merpinandTRAF homology(MATH) domain.

TRIM genegnitially wereconsideredo be metazoarspecific,with vastexpansion®f
thegenefamily in vertebrate¢Sardielloetal., 2008) However,a studyby Marin (2012)found
TRIM37 homologsin almostall branche®f eukaryotesincludingin fungi, plantsandvarious
classe®f protists.This studysuggestedhat TRIM genesand TNF-receptorasso@tedfactor
(TRAF) genegmay sharedistantancestry TRAF proteinssharesimilar domainarchitectureo
TRIM37, althoughinsteadof the classicaRING-B-box-CC-MATH domainsseenn TRIM37,
TRAF proteinshavea RING domainfollowed by 1 to 7 TRAF specificcystinerich regions,and
finally a C-terminalMATH domain(Park,2018) The TRAF-specificcysteinerich regionshave
ananalogouginc-binding crossbracingarchitecturgo thatseenin TRIM B-box domains
(Marin, 2012) It wassuggestdthat TRAF genesarosein metazoansndthat TRIM37-like
genesareancestrato bothall TRIM genesandTRAF geneshowever the analysisperformed
only lookedat MATH domainancestryjbetweernthesegroups.As the MATH domainswere
approximatelylO0AA in size,thebootstrapraluesbetweergroupsweretoo low to make
conclusionof ancestry Additionally, TRAF geneshavenow beenidentifiedin plants,
suggestinghat TRAF genescouldbe ancestrato modernTRIM geneqQi etal., 2022)

2.3TRIM genesn animals
Thefollowing sectiongetailthe TRIM proteinswhich aroseearlyin metazoarevolution

andhavemembergresenin all animals.

2.3.1C-|

The C-1 subfamilyis definedby its C-terminalsubgroupnesignaturg COS),
fibronectin,typelll (FN3) andpre SPRYsplA kinaseandryanodinereceptoPRYSPRY)
domains.The membersf this subfamilyinclude: TRIM1/MID2, TRIM9, TRIM18/MID1,
TRIM36, TRIM46, TRIM67, TRIM76/CMYA5, FSD1,FSD2,FSD1L.

The C-I subfamilyof TRIM proteinshavediversefunctions.For example,TRIM9,
TRIM46 andTRIM67 areconsideredrainspecificTRIM proteins,involvedwith various
aspect®f neuronaimaintenancanddevelopmen{Berti etal., 2002; Tanji etal., 2010;van
Beuningeretal., 2015;Boyeretal.,2018) TRIM1 andTRIM18, however functionin cell
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migration,epitheliatmesenchymatansitionandcytokinesigZanchettaetal., 2019;Qiaoetal.,
2020)

2.3.2C-ll

TheC-1l subfamilyis definedby its C-terminal COSandaciddomains.The membersof
this subfamilyincludeTRIM54, TRIM55, TRIM63. Thesegeneswereinitially termedmuscle
RING fingers(MuRFs).As thenamedescribesthesegenesarehighly upregulatedn muscle
cellsandareinvolvedin skeletalmuscledevelopmen{Folettaetal., 2011a;Pereraetal., 2012;
Rometal., 2016)andprotein homeostasis musclecells (Spenceetal., 2000;Folettaetal.,
2011b)

2.3.3C-VII

TheC-VII subfamilyis definedby its C-terminalfilamin domain(FIL) andmultiple
NCL-1, HT2A andLin-41repeat{NHL) domains.Themembersf this subfamilyinclude
TRIM2, TRIM3, TRIM32, TRIM71 andNHLRC1. The NHL domainsareassociateavith RNA-
bindingactivity (Goyanietal., 2021) Both TRIM32 (Hammelletal.,2009)andTRIM72
(Maller Schulmaretal., 2008;Changetal., 2012)areRNA-binding proteins(RBP) thatcan
bind RNA usingtheir NHL domaing(Loedigeetal., 2013) andthushelpregulatetranscriptional
activity in thecell.

2.3.4C-X
The C-X subfamilymember TRIM45 is definedby its C-terminalFIL domain.TRIM45 actsas
atumorsuppressofZhangetal.,2017;Pengetal., 2020)andtranscriptionabuppressofWang
etal.,2004)

2.4TRIM genesn bilaterians
This sectiondetailsthe TRIM proteinswhich first arosen the bilateriangroupof animals.

2.4.1C-VI

The C-VI subfamilyis definedby its C-terminalplant homeodomain(PHD) and
bromodomaiBROMO). The membersof this subfamilyincludeTRIM24, TRIM28, TRIM33
andTRIM66. The membersf the subfamilyareknownto modify transcriptionahctivity (Liang
eta., 2011;Agarwaletal., 2021)andit is thoughtthatthe C-terminalPHD andBROMO
domainshelptargettheseproteinsto specifichistonedo aid this function (Chenetal., 2019)

2.4.2C-IX
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TheC-1X subfamilyis definedby its C-terminal ADP ribosylaton factorlike (ARF)
domain.TRIM23 is thelone memberof this subfamily. The ARF domainof TRIM23 hasGTP-
aseactivity, thatis activateduponnon-classicaK27-linked selfubiquitinationof the ARF
domain(Hatakeyama2017;Sparreretal., 2017) TRIM23 is associateavith autophagic

processes thecell.

2.5TRIM genesin vertebrates
Thefollowing sectiongetailthe TRIM proteinswhich arosein vertebratesvolutionand

haverapidly expandedincethen.

2.5.1C-llI

TheC-1ll subfamilyis definedby its C-terminal COSandFN3 domains.Thesole
memberof this subfamilyis TRIM43. TRIM43 is a centrosomaproteinin mammalsvhichwas
identifiedasarestrictionfactorof herpesvirus butremaindargelyunderstudiedFull etal.,
2019)

2.52C-IV

TheC-IV subfamilyis definedby its C-terminalPRYSPRYdomainandis oneof the
subfamiliesof TRIM geneswhich hasgonethroughthe mostspeciesspecificexpansionsin
mammalsthe memberof this subfamilyinclude (but arenotlimited to): TRIM1, TRIM1L,
TRIM4, TRIM5, TRIM6, TRIM7, TRIM10, TRIM11,TRIM12, TRIM14, TRIM15, TRIM 16,
TRIM16L, TRIM17,TRIM21, TRIM22, TRIM25, TRIM26, TRIM27, TRIM34, TRIM 35,
TRIM38, TRIM39, TRIM41, TRIM43, TRIM47, TRIM48, TRIM49, TRIM50, TRIM51,
TRIM53, TRIM58, TRIM60, TRIM62, TRIM64, TRIM65, TRIM68, TRIM69, TRIM72,
TRIM75, TRIM77 andmanyotherTRIM-like genesPRY SPRYdomainsbind substrateroteins
(Jamesetal., 2007;D'Cruzetal., 2013)andarealsoknownto bind RNA (Liu etal., 2016;
Choudhuryetal., 2017) Many of the C-IV subfamilygenesareassociatedavith theMHC in
humangMeyeretal., 2003;Jiaetal., 2021) chickensgRubyetal., 2005;Shiinaetal., 2007,
Kaufman,2022) ducks(Blaineetal., 2015)andfish (Boudinotetal.,2011) Notably, many
proteinsin the C-1V family areinterferoninducibleandassociateavith antiviral function(Ozato
etal., 2008;Rajsbaunetal., 2008;Sardielloet al., 2008;Carthagenatal., 2009)

2.53 C-XI
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The C-XI subfamilyis definedby its C-terminaltransmembranélrM) domain.The
memberof this subfamilyincludeTRIM13 andTRIM59. TRIM13 localizesto theendoplasmic
reticulumandcauseslegradatiorof STING (Narayaretal., 2014;Huangetal., 2017;Li etal.,
2022) TRIM59 regulatesautophagigrocesses the cell andthe dysregulationof TRIM59 is
implicatedin manycancersindicating TRIM59 mayregulatecell cycle progressior{Valiyevaet
al.,2011)

2.5.4C-V

TheC-V subfamilyis composedf TRIM proteinswith anundefinedC-terminalregion.
Thememberf this subfamilyincludeTRIM8, TRIM19/PML, TRIM20/PYRIN, TRIM29,
TRIM31, TRIM40, TRIM44, TRIM52, TRIM56, TRIM61, TRIM73, TRIM74 andRNF207.The
C-terminalarchitecturen this groupis incredibly diverse ,suggestinghis groupis lessrelated
thanothersubfamiliesof TRIM protein. TRIM19 (alsoknownaspromyelocyticleukemiaor
PML) for example containsa C-terminaldomainof unknownfunction (DUF) which containsan
exonucleasdl! fold andallows TRIM19 to localizeto the nucleus(Condemineetal., 2007)
while TRIM29 doesnot havea structurallydefinedC-terminaldomain,yet this areaof the
proteinis knownto bind with MAVS (Xing etal., 2018) Additionally, TRIM44 is aunique
TRIM asit containsan N-terminalubiquitin proteaselomain(UBP) andactsasa deubiquitinae
(Hatakeyama2017)

2.6 TRIM proteins that augmentanti-viral signaling pathways

2.6.1Innatesignaling

In this sectionwe summarizehe currentknowledgeof TRIM proteinaugmentatiorof
intracellularantiviral signalingpathwaysAs this thesisis centerecn innateimmuneresponses,
we focusedon RLR, TLR andcGAS pathwaysAlthoughRLR andTLR receptorsandetect
IAV viral RNA directly to activatesignalingpathwayscGAS andDNA sensings still relevant
in antklAV signalingasthesepathwaysletectviral infectionthroughDNA damageThis section
alsowill notgointo detailon pathwaycomponensignalingmechanismsasthatwas
summarizedor thesepathwaysn Chapterl. All pathwaysandinteractionsaresummarizedn
Figure2.2.

Throughouthis sectionwe describeubiquitinationby TRIM proteins,which actasE3

ubiquitinligases E3 ubiquitin ligasestargetsubstratgroteinsandrecruit E2 ubiquitin-
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conjugatingenzymesgo attachubiquitin or polyubiquitinto substratgroteins(Ardley et al.,
2005;Yangetal., 2021) Ubiquitin is a highly conservegolypeptidemadeup of 76 amino
acids.Polyubiquitinchainsusediffering linkagesto conveycertainmessageandoutcomedor
targetproteins.The polyubiquitinchainsutilize innerlysine (K) residueor thefirst methionine
(M) to form linkages,and8 maintypeshavebeendescribedM1, K6, K11, K27, K29, K33, K48
andK63 (Swateketal., 2016;Traczetal., 2021) K48 andK63-linked chainsarethe best
describedvith K48-linked ubiquitin targetng substratgroteinsfor proteasomadlegradation
(Hershkoetal., 1998;Finley, 2009)andK63-linked ubiquitin activatingor stabilizingsubstrate
proteins(Chenetal.,2009;Nathanetal., 2013) Thenoncanonicalbiquitin linkages(M1, K6,
K11, K27, K29 andK33) havea variety of functionalrolesfrom activation,degradatiorand

transcriptionategulation(Traczetal., 2021)

2.6.1.1TRIM proteininteractionswith RLRsand MAV's

Two importantRNA virus sensingpatternrecognitionreceptorPRRs)areretinoicacid
induciblegenel (RIG-1) andmelanomalifferentiatiorassociategrotein5 (MDAS), members
of the RIG-I-like receptor{RLR) family. Both RIG-1 andMDA5 senseviral RNA in the
cytoplasm(As discussedn detailin Chapterl) andinteractwith MAVS throughtheir CARD
domaingo activatedownstreanantiviral signaling(Wu etal., 2015) Many TRIM members
havebeenshownto augmenthis signalingpathway Perhapshe bestknown is TRIM25, which
stabilizesRIG-1 throughK63-linked ubiquitinationof the CARD domainsandincreasefRIG-I
interactionswith the signalingadapteMAVS, to increasdFN-b expressior{Gacketal., 2007,
Miranzo-Navarroetal., 2014) However recentlyworks havebeenpublishedsuggestinghat
RNF135/RIPLET a TRIM-like protein,which alsostabilizesRIG-1 throughK63-linked
ubiquitinationis essentiafor RIG-1 activation,while TRIM25 is redundan{Haymanetal.,
2019) TRIM4 alsopositivelyregulateRIG-1 signalingthroughK63-linked ubiquitinationof
RIG-I (Yanetal.,2014) TRIM65 activatedVIDA5 throughK63-linked ubiquitinationof MDAS
(Langetal.,2017;Mengetal., 2017;Kato etal., 2021) TRIM38 increasesignaling
downstreanof RIG-I andMDAS5 throughE3 SUMO ligaseactivity (Hu etal.,2017) TRIM38
SUMOylatesbothMDAS5 andRIG-I, preventingK48-linked ubiquitinationandthuspreventing
earlydegradatiorof RIG-I duringinfection. TRIM13 converselypositivelyregulateRIG-I and
negativelyregulatesMDAS activationthroughubiquitination(Versteegetal., 2013;Narayanret
al., 2014) likely functioningto fine tuneresponseo the specificviral threats Every pathway
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needsnodulatorsvhich eventuallyturn off signaling. TRIM40 negativelyreguatesbothMDAS
andRIG-1 throughK48 andK7-linked polyubiquitinationleadingto degradatiorof MDA5 and
RIG-I, respectivelyZhaoetal., 2017)

MAVS formsnon-pathogenigrion-like aggregateso increaseantiviral signalingand
helpin thedockingof signalingeffecterproteins(Hou etal., 2011) Many TRIM proteinshave
beendocumentedsaffectingMAVS aggregatioror recruitmentof adapteiproteinsto MAVS to
augmentownstreansignaling. TRIM31 promotesMAVS aggregatiorthroughK68-linked
polyubiquitinationof MAVS in mice(Liu etal.,2017a) TRIM21 alsopromotedFN signaling
downstreanof MAVS throughK27-linked polyubiquitinationof MAVS, which resultsin
increasedecruitmeniof TBK1 to the MAVS signalingcomplex(Xue etal.,2018) TRIM14
appearso performasimilar role to thatof TRIM21 in thatit formsacomplexwith MAVS,
catalyzeghe additionof K63-linked ubiquitin chainsto MAVS which helpsrecruitNEMO to the
MAVS signalingcomplex(Zhouetal.,2014) TRIM25 promotesMAVS degradatiorthrough
K48-linked proteasomalibiquitination(Castanieetal., 2012) This degradatiorstrengthenshe
downstreansignalingvia thereleaseof theactivatedsignalingcomponenfBK1. TRIM44
reduce48-linked polyubiquitinationof MAVS thuspreventingts degradatiorandincreasing
virusinducedlFN andNF-kB signalingdownstreanof MAVS (Yangetal., 2013) TRIM29
inducesMAVS degradationthroughK11-linked ubiquitination(Xing etal., 2018) ECSIT
(evolutionarilyconservedaignalingintermediaten Toll pathways)s a proteinthathelpsbridge
the contactbetweerbothRIG-1, MDA5 andMAVS, increasingdownstreanmantiviral signaling
throughlRF3andNF-a BLei etal.,2015) TRIM59 associatewith ECSIT andinhibits
downstreanactivationof bothIRF3 andNF-a Bsignaling(Kondoetal.,2012)

2.6.1.2TRIM proteininteractionswith TLRadapters

As describedn Chapterl, TLR4 is locatedon the surfaceof the cell andcandetectvirus
andsignaldownstreanthroughTRIF while TLR3 detectsviral RNA in theendosomeandalso
signalsthroughTRIF. TRIM56 actsasa scaffoldingproteinandis critical in the stabilizationof
TRIF downstreanof TLR3 andincreaseslownstreanantiviral signaling(Shenetal., 2012)
TRIM38 is stimulatedby high levelsof IFN in miceandnegativelyregulatesTRIF during TLR3
signalingthroughK48-linked ubiquitinationof TRIF which leadsto proteasomatiegradation
(Hu etal., 2015) TRIMS8 disrupstheinteractionsbetweenlRIF andTBK1 throughK6 and
K33-linked ubiquitination,resultingin decreasedownstreansignaling(Ye etal.,2017)
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TRIM32 helpsin thedegradatiorof TRIF throughselectiveautophagyasTRIM32 formsa
complexwith the noncanonicalautophagigroteinTAXBP1 (Yangetal.,2017)

2.6.1.3TRIM proteininteractionswith DNA sensingpathways

Cyclic GMPi AMP synthas€cGAS)detectdong DNA from pathogensgimerizesto
form themessenge2 Nf@Bybljic GMP-AMP (cGAMP) andactivateghe endoplasmiceticulum
associategroteinstimulatorof interferongenegSTING) (Liu etal.,2017b;Yu etal., 2021a)
Thisthenrecruitsandactivated s KnaseU( | K KAdJANK -bindingkinasel (TBK1).
TRIM14 stabilizescGAS throughrecruitmentof ubiquitin-specificproteasel 4 (USP14) which
cleavegolyubiquitinchainsoff cGAS (Chenetal.,2016) TRIM41 alsobindscGASand
activatesdownstreamFN signalingthroughmonoubiquitylatiorof cGAS (Liu etal., 2018)
TRIM38 SUMOlyatesbothcGASandSTING (Hu etal., 2016) The SUMOlyationof cGAS
preventsts polyubiquitinationanddegradationywhile the SUMOIlyationof STING promotests
stabilizationandactivation.TRIM56 and TRIM32 bothalsoactivateSTING signaling. TRIM56
inducesSTING dimerizationthroughK63-linked polyubiquitination,which recruitsTBK1 and
induceslFN production(Tsuchidaetal., 2010) TRIM32 alsocatalyze¥63-linked
polyubiquitinationof STING, similarto TRIM56 (Zhangetal., 2012)

DNA sensingpathwaysarealsoinhibitedby TRIM genesDEAD-box helicasel
(DDX41) sensegytosolicDNA andactivatesnterferonsignalingthroughSTING (Zhangetal.,
2011) TRIM21 inhibits this pathwaythroughK48-linked ubiquitinationof the DEAD domainof
DDX41 (Zhangetal., 2013b) Similarly, TRIM29 andT R | M 3a@getSTING for K48-linked
ubiquitinationanddegradatior{Wangetal., 2015b;Xing etal., 2017)

2.6.1.4TRIMinteractionswith NF-a BandIFN signalingadapters

NuclearfactorkappaB (NF-a Bgssentiamodulator(NEMO) is involvedin bothIRF3
andNF-a Bactivationleadingto anantiviral respons€Fangetal., 2017a;Fangetal., 2017b)
Viral inductionof NF-a BandIRF3throughNEMO is activatedoy non-classicalK27-linked
polyubiquitinationby the singularmemberof the C-XI subfamily, TRIM23 (Sparreretal.,
2017) TRIMA41 alsoincrease$sRF3 andNF-a BoathwayactivationthroughK63-linked
ubiquitinationof BCL10,whichincreaseNEMO recruitment(Yu etal., 2021b) NEMO is also
involvedin thecGAS-STING DNA sensingpathway(Fangetal., 2017b) TRIM32 andTRIM56
areactivatedoy DNA in the cytosolandsynthesizeubiquitin chainsto activateNEMO (Fanget
al.,2017b) Of theproteinswhich negativelyregulateNEMO, the RINGlessTRIM?29, directly
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targetsandubiquitinateNEMO for degradatiorn(Xing etal., 2018) while TRIM40 aidsin the
degradatiorof NEMO utilizing the proces®f neddylation(Noguchietal., 2011) TRIM68
targetsTRK-fusedgene(TFG) for lysosomaldegradatior{Wynneetal., 2014) TRK-TGF
targetsbothNEMO andTANK andstabilizesthe signalingcomplex(Mirandaetal., 2006) thus
TRIM68 indirectly inhibits bothNEMO andTANK. CytoplasmicTRIM26 is normally
associateavith NEMO (Ranetal., 2016) Uponviral infection, TRIM26 autoubiquitinates,
causingTRIM26 to asseiatewith TBK1. This associatiorelpsrecruitNEMO to the TBK1-
MAVS signalingcomplexresultingin phosphorylatiorof theproteinG S K 3in etal., 2016)
G S K 3henenhance3BK1 oligomerizationandautophosphorylatiofi_ei etal., 2010) which
enhanceIRF3 activity downstreamTRIM11 alsointeractswith the TBK1 signalingcomplex
(Leeetal.,2013) Overexpressionf TRIM11 decreaseN-b promoteractivity whencells
werestimulatedwith RIG-I, MAVS or TBK1, while knockdownof TRIM11 increasedhe IFN-b
promoteractivity of thesestimulatedcells. Thenon-canonical 7 Firteractswith TBK1 to
phosphorylatéRF3 to activateantiviral signaling(Fitzgeraldet al., 2003) TRIM27 was
identifiedasaninhibitor of IFN signalingthroughinteractionsvith | 7 tandTBK1 (Zhaetal.,
2006)

Along with its role in stabilizingRIG-I andincreasingsignalingdownstreanof RIG-I,
TRIM25 alsoappeargo helpincreaseNF-a Bsignalingdownstreanof TRAF6in the MDAS-
MAVS signalingpathway(Leeetal.,2015) In addition to increasingantiviral signaling
downstreanof NEMO, TRIM23 alsoincreasedNF-a Bsignalingthroughforming a complex
with TRAF6 (Pooleetal.,2009) TRIM37 andTRIM38 bothnegativelyregulatesTRAF6
signaling(Zhaoetal., 2012;Zhaoetal., 2021b) Downstreanof TRAF6 signaling,the C-I
subfamilymembersTRIM9 andTRIM67 both bind the proteinb-transducirrepeatcontaining
protein( rCP)(Shietal.,2014;Fanetal.,2022) This binding preventdh-TrCP from binding
its substrate$ o Butélp100,thuspreventingNF-o Bactivation.| o Bs@ninhibitor of NF-o B .
| K Kaddl K Kphosphorylaté o Brdventingt from inhibiting NF-a Bactivation.TRIM27
interactswith | K Kaddl K Ktdinhibit NF-a Bactivation(Zhaetal.,2006) TRIM39 also
inhibits NF-a Bhroughbindingandubiquitin-independenstabilizationof Cactusinteractor
(Cactin),anuclearnnhibitor of NF-a BSuzukietal., 2016)

TRIM59 preventghe phosphorylatioranddimerizationof IRF7 andIRF3, thus

preventingthetranslocatiorof thesetranscriptionfactorsto the nucleuslt is unsurenow
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TRIM59 is preventingthis phosphorylationbut suggested RIM59 is interactingwith a
phosphorylasepstreanof IRF3andIRF7. TRIM21 interactsdirectly with IRF3 usingits C-
terminalPRYSPRYdomain,causingthe ubiquitinationandsubsequenceéegradatiorof IRF3in
the proteasoméHiggsetal., 2008) TRIM26 alsobindsandcatalyze3k48-linked ubiquitination
of IRF3, althoughTRIM 26 bindsspecificallyto phosphorylatedRF3 in the nucleugWanget
al., 2015a) TRIM28 bindsspecificallyto IRF7 andnot IRF3 usingits RBCC motif (Liang etal.,
2011) TRIM28 actsasa SUMO E3ligase,catalyzingtheadditionof SUMOto IRF7,and
negatvely regulatinglRF7.

2.7TRIM proteins that directly restrict Influenza A virus
This sectiondetailsTRIM proteinsthatdirectly targetlAV viral proteinsin thecell. A

summaryof theseTRIM proteinsandtheir targetscanbefoundin figure 2.3.

2.7.1TRIM14

TRIM14 is aRINGIlessTRIM whichis amemberof the C-1V subfamily. TRIM14 is a
type-l interferoninduciblegene(Rajsbaunetal., 2008;Carthagenatal., 2009)which can
directly targetvirusessuchasHepatitisC (Wangetal., 2016a)andHepatits B (Tanetal.,2018)
virus. TRIM14 targetsproteinsfrom boththesevirusesusingits C-terminalPRYSPRYdomain.
TRIM14 alsodirectly targetsthe IAV nucleoproteir(NP) for degradatior{Wu etal.,2019) NP
is partof theviral ribonucleoproteifvRNP) complex,andit is critical for viral transcriptionand
replication(Herzetal., 1981;Jacksoretal., 1982) TRIM14 targetsNP usingits PRYSPRY
domain,causingNP to undergoK48-linked ubiquitinationresultingin proteasomatlegradation
of NP (Wu etal., 2019) As TRIM14 is RINGIlessit is unknownif the catalyzingof polyubiquitin
chainsto NP is from the TRIM14 B-box domain,or if anotherproteinis actingastheE3
ubiquitinligase.Interestingly deletionof the PRYSPRYdomainalsoallowed TRIM14 to bind
NP, howeverthis bindingincreased/RNP formationandNP accumulatiorin HeLacells. When
humanTRIM14 wasexpressedh transgenianice,the overexpressioof humanTRIM14
markedlyreducedH5N2 infectionandincreasedurvivalin thesemice (Nenashevatal., 2021)
Interestingly the overexpressionf humanTRIM14 in thesemice alsocoincidedwith less
transcriptionof the proinflammatorycytokinesIL -6, IL-1 @ndT N Fitthelungsof mice
infectedwith HS5N2, suggestindiumanTRIM14 coulddownregulag inflammatoryresponses

mice.

74



2.7.2TRIM22

TRIM22 is anIFN-stimulatedgene(Le Goffic etal., 2010)which belongsto alocusof
expanded RIM geneswhichfirst appearedn EutheriangHattimannetal., 2012) Thislocusis
locatedon chromosomd.1in humansandcontainsSTRIM34, TRIM6, TRIM5 andTRIM22
(Sawyeretal.,2007) TRIM5 andTRIM22 haveundergme manychangesiuringmammalian
evolution,with thesegenesxpandinganddeletingin differentlineagesFor examplescows
haveanexpansiorof TRIM5 genesputno TRIM22, while dogshaveno TRIM5 gene.
Yangochiropterdatshaveexpansion®f both TRIM5 andTRIM22 in theirlineageqFernandes
etal.,2022) Thediversificationof TRIM22 in differentmammaliarspeciess perhapsaresult
of the broadantiviral specificity of this protein. TRIM22 caninhibit HIV particleproduction
throughthetargetingof theHIV Gagprotein(Barretal.,2008) TRIM22 ubiquitinateghe
hepatitisC viral (HCV) proteinNS5A, thusrestrictingHCV replication(Yangetal., 2016)
TRIM22 alsoinhibits hepatitisB virus by targetingtheviral corepromoter(Gaoetal., 2009)

Notably, TRIM22 alsoinhibits IAV. TRIM22 wasidentifiedasa hostfactorwhich
interactedwith IAV virusin humanbronchialepithelialcells (Shapiraetal., 2009) When
TRIM22 wasknockedout of thehumanlung epithelialcell line A549, IAV replicationwas
significantlyenhancedDi Pietroetal., 2013) Likewise,overexpressionf TRIM22 in MDCK
drasticallyreducedAV titre by over100times.The mechanisnof this viral restrictionwasdue
to TRIM22 interactingwith theIAV NP andcatalyzingattachmenof bothmonc and
polyubiquitinto NP, causingt to bedegradedy the proteasome.

2.7.3TRIM25

Along with multiple augmentatiorstepsin the RIG-1 signalingpathway, TRIM25 can
alsodirectly restrictlAV in mammaliarcells.Initially identifiedasanRBP in ascreeningpf
HeLacellssearchindgor cellularproteinswhich boundmRNA (Castelloetal., 2012, further
studiesfoundthat TRIM25 bounda diverserepertoireof codingandnoncodingcellularRNA
usingits C-terminalPRYSPRYdomain(Choudhuryetal., 2017) TRIM25 bindsthelAV vVRNP
complexandinhibits theviral polymeraseomplexfrom viral mMRNA chainelongation
(Meyersoretal., 2017) Interestingly,gibbonTRIM25 wasmoreeffectiveat bindingand
inhibiting viral mMRNA chainelongationthanhuman TRIM25. As gibbonsarenot a naturalhost
of IAV, it seemghathumanadaptedAV mayhaveevolveda partial escapanechanisnfor this
nuclearvRNP binding.
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2.7.4TRIM41

TRIM41 wasinitially recognizedasanantiviral TRIM proteinthrougha hostIAV
proteininteractionscreerthatsuggested RIM41 interactedwith thelAV NP (Wangetal.,
2017) TRIM41 is notupregulatedy eitherlFN or IAV infectionin A549 cells,howeve
overexpressionf TRIM41 did reducelAV virustitres, but not Sendaior vacciniavirus (Patil et
al.,2018) TRIM41 alsocatalyzedheadditionof ubiquitin chainsto IAV NP, causing\NP to be
degradedy the proteasomeTRIM41 is alsoableto restrictotherviruses. TRIM41 inhibits the
N proteinof Vesicularstomatitisvirus (VSV) throughcatalyzingthe additionof ubiquitinto the
N protein(Patil etal.,2020) Additionally, a screerof 38 humanTRIM proteinssearchingor
antrHBV TRIM proteinsidenified TRIM41 asinhibitory to HBV replication(Zhangetal.,
2013a)

2.7.5TRIM32

TRIM32 hasmanycellularfunctionsbut wasinitially identifiedasa potentialantiviral

mediatorin ascreenindor proteinswhich boundtheHIV transcriptionabctivatortat (Fridell et
al., 1995) TRIM32 directly restrictslAV throughtargetingof the PB1 protein(Fuetal., 2015)
TRIM32 translocatemto the nucleuswith PB1,andthenusingthe RING domain
polyubiquitinate?B1to targetit for proteasomatlegradationUnlike manyotherTRIM
proteinswhich targetsubstratehroughtheir C-terminaldomains,TRIM32 appear¢o associate
with PB1throughits coiled-coil domain.

2.7.6TRIM35

Muchlike TRIM25, TRIM35 is implicatedin restrictinglAV by bothimmunesignaling
pathway modulationanddirectly targetinglAV proteins.As mentionedn the previoussections,
TRIM35 helpsto catalyzethe additionof K63-linked polyubiquitinto TRAF3to increase
downstreamantiviral signaling(Sunetal., 2020) ThelAV proteinPB2suppresesthis
activationof TRAF3 by inhibiting the ubiquitinationof TRAF3. TRIM35 counteractshis
suppressionf TRAF3 ubiquitinationby mediatingk48-linked ubiquitinationof PB2. TRIM35
interactswith PB2 usingits C-terminalPRYSPRYdomain,andaidsin PB2 ubiquitinationusing
its RING domain.

2.7.7TRIM56

TRIM56 is anRNA-binding TRIM protein(Williams etal., 2019) TRIM56 inhibits many

virusesthroughbinding of viral RNA suchasZika virus (Yangetal.,2019) Denguevirus,
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yellow fevervirus (Liu etal., 2014)andbovineviral diarrheavirus (Wangetal.,2011) TRIM56
alsorestrictsbothlAV andinfluenzaB virus (IBV) butin the sameexperimendid notrestrict
Sendaior humanmetapneumovirufLiu etal.,2016) TRIM56 restrictedbothlAV andIBV by
bindingviral RNA in the nucleususingits C-terminalPRYSPRYdomain.This restrictionwas
independenof E3 ubiquitin ligaseactivity, andinsteadt seemedhatthe bindingof TRIM56 to

viral RNA inhibitedviral synthesis.

2.8 Antiviral TRIM proteins characterized in non-mammalian animals

2.8.1Antiviral TRIM proteinscharacterizedn invertebrates

Relativelyfew invertebratelT RIM proteinshavebeenformally identified,andonly two
orthologsto vertebrateT RIM proteinshavebeenstudiedfor antiviral function. In whiteleg
shrimp(Litopenaeusvanname) anorthologto mammalianTRIM32 (namedvTRIM32) was
identifiedasarestrictionfactorduringwhite spotsyndromevirus (WSSV)infection (Wanget
al.,2020) IVTRIM32 expressiomwasupregulatedn whiteleg shrimphaemocytesvhencells
wereinfectedwith WSSV or stimulatedby otherimmunomodulatongubstancegndthe
knockdownof IVTRIM32 causedncreasednortality in haemocytemfectedwith WSSV.
Similarly, gianttiger prawn(Penaeusnonodoi TRIM32 (pmTRIM32) overexpression
increasedurvivalof haemocyte¢Pengetal.,2021) Pengandcolleaguegslemonstratethat
pmTRIM32boundandrestrictedWSSV throughubiquitinationof theviral envelopeprotein.As
mammalianTRIM32 alsodirectly targetsviral proteins(Fu etal., 2015) it appearshe
mechanisnof restrictionemployedoy TRIM32 is highly evolutionarilyconserved.

Two TRIM9 orthologshavebeenidentifiedin whitelegshrimp,namedvTRIM9 and
IVTRIM9-1. IVTRIM9 interactswith theNF-a Boathwayin ananalogousnannerto thatof
humanTRIM9. HumanTRIM9 interactswith b-TrCPwhich preventdNF-a Bactivation(Shi et
al.,2014) IWVTRIM9 alsointeractswith b-TrCP,howeverin shrimpb-TrCPinhibits NF-o B
activation,thusin shrimptheinteractionbetweenvTRIM andb-TrCPincreasedNF-a B
signaling(Sunetal., 2019) IVTRIM9 overexpressioganactivateNF-a Bn humancells(Sunet
al., 2022) howeverunlike IVTRIM9, IVTRIM9-1 enhance¥VSSVreplication,aswhen
IVTRIM9-1 is knockeddownin haemocytes\WSSVreplicationis decreased.

TRIM50-like wasidentifiedasanantiviral restrictionfactorin gianttiger prawn
(pmTRIM50) andis functionally analogouso pmTRIM32(Zhaoetal.,2021a) Like
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pmTRIM32,pmTRIM50targetsthe WSSV envelopeoroteinandaidsin ubiquitinationand

subsequendegradatiorof this viral target.

2.8.2Antiviral TRIM proteinscharacterizedn fish

Teleostfish havea lineagespecificexpansiorof TRIM genesExpansion®f TRIM
geneshypothesizedo be orthologougo TRIM35 in humansverenamedhe htirTRIMs while
TRIM genegpresumedo beorthologougo humanTRIM39 werenamedbloodthirstyTRIMs
(btyTRIM) (vanderAa etal.,2009;Boudinotetal.,2011) A teleostspecificexpansiorwithout
clearorthologyto humanTRIM genesverenamedhefish novel TRIMs (finTRIMs). Out of the
estimated?08 TRIM geneghoughtto be presenin zebrafishatleast84 of thosearefinTRIM,
39 arebtyTRIM genesand37 arehtlrTRIMs (vanderAa etal., 2009) Thisis comparedo the
66 TRIM genesdocumentedhn pufferfish(Boudinotetal.,2011)wheremuchlessTRIM
expansiorhashappenedTheseexpansionarelikely dueto thewholegenomeduplicationgthat
haveoccurredn teleostfish (Glasaueetal.,2014)

TRIM39 from the orangespottedgrouper(Epinephelusoioideg wasrecently
characterize@sbeingupregulatedy andhavingantiviral functionagainsted-spotedgrouper
nervousnecrosisvirus (RGNNV) (Wangetal., 2016b) A mechanisnfor this restrictionwasnot
investigatedhoweverthe RING domainof ecTRIM39wasnecessaryor antiviral activity.

Like mammalandshrimpTRIM32, TRIM32 orthologsin fish canalso restrictviruses.
TRIM32 from thecommoncarp(Cyprinuscarpio) is upregulatedn responseo springviremia
carpvirus (SVCV) (Wangetal., 2016c) Overexpressionf carpTRIM32 significantly
decrease®VCV in theimmortalizedcarpcell line epithelianapapulosunctyprinid (EPC),
howevera mechanisnior this restrictionis still unknown. TRIM32 hasalsobeenfunctionally
characterizedh orangespottedgrouper(Yu etal., 2017) Overexpressioof grouperTRIM32
inhibits growth of the DNA-virus Singaporegrouperiridovirus (SGIV) andthe RNA-virus
RGNNV. It is unknownif this restrictionis dueto directantiviral effects,howeverin grouper
TRIM32 overexpressioalsosignificantlyincreasedheinterferonresponse.

Only oneof thefinTRIM genesdn teleostfish hasbeenformally characterizedor
antiviral activity. Overexpressioof finTRIM83 (ftr83) drasticallyreducedothinfectious
hematopoietimecrosisvirus 32-87 (IHNV) andviral hemorrhagisepticemiavirus 07-71
(VHSV) andSVCV in EPCcells. The authorssuggesthisinhibition is dueto ftr83 upregulating
IFN signalingpathwayswvhenoverexpressed.ike manyothermembersof the C-1V subfamily,
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ftr83 relieson bothits RING andPRYSPRYdomainfor bothsignalinginductionandantiviral

effect.

2.8.3 Antiviral TRIM proteinscharacterizedn Diapsids

TRIM proteinsarenotwell studiedin birdsor reptiles(Diapsida)in eithergeneral
cellularfunctionor immunefunction,althoughmorework hasbeendoneon investigating
antiviral TRIM proteinsin birdsthanin reptiles

Perhapshe moststudiedof theavianTRIM proteinsis TRIM25. TRIM25 hasbeen
amplifiedfrom chicken(Fengetal., 2015) duck(Miranzo-Navarroetal., 2014;Kaikai etal.,
2021) andgoose(Wei etal., 2016) In goslings, TRIM25 is upregulatedy IFN-2 |[FN-a |FN-U
andpoly (I:C). Unlike chickenandduck TRIM25, gooseTRIM25 appeard$o be missingthe N-
terminalRING domain.TRIM25 in ducksis upregulatedy bothHPAI andLPAI 1AV (Huang
etal.,2013;FlemingCanepeetal., 2019;Campbelletal.,2021) TRIM25 is alsoupregulatedy
duck Tembuswirus (DTMUV) in duckembryonicfibroblasts(Kaikai etal., 2021) Duck
TRIM25 hasbeenfunctionally characterizedh two differentstudiesThefirst investigatedhe
ubiquitinationof RIG-1 by duck TRIM25 andcomparedhis to the mechanisnemployedby
humanTRIM25 (Discussedn detailin chapterl, sectionl.2.4)(Miranzo-Navarroetal., 2014)
Thesecondstudydemonstratethatoverexpressioof duck TRIM25 reducedDTMUV viral
RNA, andknodkdownof TRIM25 in DEF increaseaverallDTMUV viral RNA (Kaikai etal.,
2021) In chickens,TRIM25 is upregulatedn responséo avianleukosisvirus (ALV) (Zhouet
al., 2020)andinfectiousbursaldiseas€Zhouetal., 2020) Interestingly chickenbreed that
wereclassifiedasresistanto aHPAI HSN8 IAV straindid notupregulateTRIM25 in lung
duringinfection,while chickensclassifiedassusceptibléo HSN8 upregulatedRIM25 in the
lungs(Perlasetal., 2021) To our knowledgeno studieshaveattenptedto characterizant-IAV
activity of TRIM25 in anybird speciesdespitethe well-knownfunctionof TRIM25 asanantr
IAV mediatorin mammals.

TRIM62 in chickenis upregulatedy theretrovirusReticuloendotheliosi¥irus (REV) in
chickenembryonicfibroblasts(CEF) (Li etal.,2020) Knockdownsof TRIM62 in CEFcells
increaseviral replication,while overexpressiodecrease®REV replicationin DEF cells.
TRIMG62 alsorestrictsavianleukosisvirus (ALV) in chickencells(Li etal.,2019) In both

instancesof retroviralrestriction, TRIM62 appeargo useits PRYSPRYdomainto exertthis
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effect(Li etal.,2019;Li etal.,2020) althoughexactmechanismsor viral inhibition is not
known.

ThesingularTRIM proteinthathasbeenfunctionally characteeedin reptilesis a
TRIM39 orthologamplifiedform Chinesesoftshellturtle (Pelodiscussinensiy named
psTRIM39(Shietal.,2019) TheauthorsfoundthatpsTRIM39wasupregulatedn response&o
iridovirus andGramnegativebacteriumOverexpressionf psTRIM39activated\NF-a B
signalingin fat headedninnowcells,but no testsweredoneon reptiliancellsto analyze
pathwayaugmentationljkely becauseeptiliancell linesarenotavailable.

Perhapaunsurprisingly,TRIM32 hasalsobeencharacterizedsan antiviral proteinin
ducks.TRIM32 is significantly upregulatedn the lungsof ducksinfectedwith highly pathogenic
H6N2IAV (Wu etal.,2020)andTRIM32 overexpressiom duckembryonicfibroblastsalso
inhibits HEN2. Additionally, duck TRIM32 overexpressiomcreasedFN-b activity and
increasedranscriptievel of Mx, IRF7 andIFN-b Like humanTRIM32 (Zhangetal.,2012)
duck TRIM32 directly interactswith STING to increasdFN signaling(Wu etal., 2020) Duck
TRIM32 overexpredgsn alsorestrictsduck Tembusuwirus replicationin DEF cells(Li etal.,
2021)

2.9 Conclusions

While manyof the humanor mouseTRIM geneshavebeenfunctionallycharacterized,
TRIM genesarelargelyunderstudiedn otheranimals.Most of the TRIM genes studiedin non
mammaliarvertebrate®r invertebratehiavedirectorthologsin mammalghathaveanttviral
functionor areimplicatedin immunesignalingprocesses mammalgqTable2.1), ignoringthe
restof the TRIM repertoirein thesespeciesAdditionally, almostall the northumanor mice
TRIM proteinsstudiedarefrom animalswith agriculturalsignificance andwild naturalreservoir
hostsof importantzoonoticvirusesarelargelyignored.

Bats(Chiroptera areanotablegroupof mammalswvhich actasthereservoirto diverse
RNA viruses(Van Brusseletal., 2022) While studieshaveinvestigatedylobalimmune
responsesf batsto virusesto determinenow batsaresoresistanto damagdrom replicating
virus (Banerjeeetal., 2020;Irving etal., 2021), therehasbeenlittle researchnto the TRIM gene
repertoireof bats.Batsarethe suspectedeservoirfor manyzoonoticvirusessuchasEbola
(Haymanetal.,2012;Kochetal., 2020) Nipahvirus (Reynestal., 2005;Rahmaretal., 2010)
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Marburgvirus (Towneretal., 2009) diversecoronaviruses(Huynhetal., 2012;Latinneetal.,
2020;Ravelomanantsoet al., 2020)andmanyothers(Letko etal., 2020;VVan Brusselet al.,
2022) Thestudywe highlightedpreviouslyin this chapterdocumentedbatshavelineage
specificduplicationsof TRIM22 andTRIMS5 (Fernandesgtal., 2022) More researchnto the
evolutionanddiversificationof TRIM genesn batscould potentiallyidentify moreChiropteran
specificTRIM geneadaptationgndduplicationsaswell asidentify speciesspecificTRIM
genedn the Chiropterans.

Reptilesarealsooftena sourceof nutrition for arthropodsvhich alsofeedon humans
suchasmosquitosticks andsandflies(Cuppetal., 2004) Moreso,reptileshavebeenconsidered
reservoi hostsfor virusessuchaswesternandeasterrequineencephalitisn gartersnakes
(BurtonAltheaetal., 1966;Binghametal., 2012) CrimeanCongohemorrhagideverin
tortoisegKar etal., 2020) andChikungunyavirus in snakesandtoads(BosceLauthetal.,
2018) Reptilespresenta uniqueopportunityto studyreservoirhostresponseasthisincredibly
largeanddiversegroup(with approximatelyl1,000extantspecies}hathasremainedargely
unchangedn their biology, ecologyandmorphologysincetheiremergencepproximately310
million yearsago(Tuckeretal., 1982;Lepetzetal., 2009) We only foundonestudyona TRIM
genein reptiles.As reptilesarosen earlierin vertebrateevolutionthanbirds, their TRIM protein
functionanddiversificationwould offer uniqueinsightinto TRIM proteinevolutionandimmune
functionin vertebrates.

Wild birdsalsopresentlargeanddiverseclassof vertebrateshatactasthereservoir
hostto manyzoonoticviral pathogengReedetal., 2003;Nabietal., 2021) As discussedn the
previouschapterducksandotherwaterfowlarethe primordialhostandreservoirof IAV
(Websteretal., 1992;Olsenetal., 2006;Kim etal., 2009) Wild birdsalsohostbothdelta and
gammacoronavirusesvith zoonoticpotential (Wille etal., 2020) Migratory birdsof various
speciesactasthereservoirhostto WestNile virus (Rappoleetal., 2000;Petersoretal., 2003;
Taiebetal., 2020) While someTRIM proteinshavebeenidentifiedin birdsasantiviral effectors
(As outlinedin section2.7.3),theentireTRIM repertoirehasonly beendocumentedn chickens
(Sardielloetal., 2008)andhasnot beenupdatedsince2008.Additionally, TRIM protein
functionhasonly beenstudiedin chickensducksandgeeseleavingmanybird species
unstudied.

Finally, while it is truethatmanyof the TRIM geneghathaveantiviral functionin
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mammalscould haveorthologoudunctionin lower vertebratesit is alsotruethatsomeTRIM
genesn mammalghatdo not havedocumentedntiviral functioncould haveorthologsthatdo
haveantiviral functionin lower vertebratesandthatfunctionwaslost duringevolution.By
categorizinghe TRIM generepertoirein lower vertebrategndassessingnmunefunction of
theseproteinswe cangainfurtherinsightinto TRIM geneevolution,but alsouncovemovelanti

viral TRIM proteins

2.10Aimsand rational e for this thesiswork
Thetripartite motif (TRIM) family of proteinsprovideprotectionagainsinfluenzaA virus
(IAV) infectioneitherby directrestrictionof thevirus or throughmodificationof innateimmune
pathwaygHatakeyamatal, 2017;vanTol etal, 2017;Rajsbaunetal, 2014) TRIM family
evdution alsosuggestshatthesegeneshaverespondedo selectivepressuresrom virusesby
evolvingspeciesspecificpathogerrestrictionmechanismgSongetal, 2005) | aminvestigating
therole of TRIM proteinsin theresistanceo IAV in its naturalhostandreservoirtheduck.

Aim 1: Tocomparedifferentialexpressionn spleensjungsandintestinesof ducksinfectedwith
VN1203or BC500

Therearesignificantdifferencesn basalexpressiorof duckinnatereceptorsaand
downstreaneffectorsbetweertissueqCampbelletal., 2020) it is still unknownhow different
tissuescontributeto resistanceo IAV andyet controldamagdrom IAV infectiondespitehigh
viral load.In Aim 1, | investigate changesn differentialexpressionn ducksinfectedwith
eitheraHPAI H5N1 strain(VN1203)or LPAI H5N2 strain(BC500)of IAV, focusing
specificallyontissuesnvolvedin IAV replication.LPAI IAV replicatedn intestinesof infected
duckswhile VN1203preferentiallyreplicatesn thelung (Binghametal., 2009; Daoustetal.,
2011;Vidanaetal., 2018) Previousstudieswith BC500andVN1203demonstratethat
VN1203wasmoresevee, andcouldevenbelethalto ducks,while BC500did not causesevere
symptomsor diseaseyet couldstill replicateto hightitres(Vanderveretal.,2012) Other
researclgroupshaveinvestigatedhetranscriptionaresponses ducksto IAV, howeverthese
groupsusediater time points(5 dayspostinfection) (Kumaretal., 2017, only sampledungsof
ducksinfectedwith HPAI (Huangetal., 2013, or samplednorethantissuebut did notcompare
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responsebetweerthetissueqSmithetal, 2015).1 investigatedhe differencesandsimilarities
betweerthesetwo IAV strainsof differing severitiedo try to determinevhatresponsesere
protectiveandwhich responses/erespecificto the strainof virus or tissuesampledBy
comparingtranscriptionaresponseto HPAI andLPAI infectionin ducks,we canlearnwhat

genesareglobally protectiveandwhich genesareimportantfor tissuespecificresponses.

Aim 2: Thecharacterizatiorandrelative expressiorof duck TRIM and TRIM-like genes

TRIM proteinfamily memberdavebesnformally characterizedth bothmammalsand
fish (Boudinotetal.,2011;vanGentetal.,2018;Venutoetal.,2019) Theonly studyattempting
to summarizeanavianTRIM repertoirewasperformedby Sardielloandcolleaguesn 2008
(Sardielloetal., 2008). This studyfound37 TRIM genesn chickensTherehasneverbeena
formal studycharacterizinghe TRIM proteinfamily in ducksor comparinghe TRIM family
repertoirebetweeranybird speciesAs moresequencinglatahasbecomepublicly available
since 2008,andsequencingechniquediavedecreaseth costandincreasedn accuracyit is
likely thatmoreTRIM geneswill beableto beidentifiedin bothduckandchicken.In Aim 2, |
utilized the publicly availablesequenceeadarchive(SRA) on NCBI to assembl@ denovo
transcriptomef sequencederivedfrom domestidPekinduck (Anasplatyrhynchok |
interrogatedhetranscriptomeo determinehow manyTRIM or TRIM-like genesverepresent
in theduck,anddocumentegbhylogeniedor duck TRIM proteins chickenandduck TRIM
proteinsandthe C-IV TRIM subfamilyfor mammalshpirdsandreptiles.Additionally, | analyzel
relativetissueexpressiorof TRIM genesn ducks.In this studyl documennotonly theduck
TRIM repertoireandwhattissuegheseTRIM geneshavepredominanexpressionn, butalso
categorizeMiHC-linked TRIM genesn highervertebratesisingphylogeneticsBy examining
the TRIM generepertoirein ducks,we cangaininsightinto the evolutionandexpansiorof

TRIM genesn vertebrates.

Aim 3: To analyzedifferentialexpressiorof duck TRIM and TRIM-like genesduring IAV
infection

Approximatelyhalf of thehumanTRIM generepertoirels upregulatedn responseo
IFNs or innatepathwaystimulation(Carthagen&t al., 2009) It wasnot known how manyof the

57 duck TRIM or TRIM-like geneswvereupregulatedn responséo infection. However,asthe
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ducksharesalong co-evolutionaryhistorywith 1AV (Websteretal, 1992) it is likely thatmany
of the TRIM proteinsin duckschangeexpressionn responseo virus andareantiviral. In Aim 2,
| investigatedifferential expressiorof the TRIM generepertoiren responséo HPAI (VN1203)
andLPAI (BC500)virusesin thelung, spleenandintestineof infectedducks | compareand
contrasthedifferential expressiorof theduck TRIM generepertoireto find candidategenego
studyfor antiviral function.While manyTRIM proteinshavedocumentedntiviral functionin
humansyery few havebeenstudiedfor antiviral ability in theduck.l usedthereaults from my
differentialanalysedo determinaf overexpressioof duck TRIM19.1,TRIM19.2, TRIM27.1,
TRIM27.2, TRIM25, TRIM32 anddiaTRIM58wereableto restrictlAV replicationin either
chickenDF-1 cellsor duckembryonicfibroblasts.Theresultsof theseexperimentsvill notonly
give candidategenedo functionally characterizén the duckfor antiviral activity but will
provideinsightinto theevolutionof antiviral ability of TRIM genesn vertebrates.

Aim 4: Todeterminehow TRIM27Lis augmeting the RIG-I signalingpathway

Dueto coevolutionbetweerhostandpathogenmanyhostproteinscandevelopspecies
specificantiviral ability, suchasthecasewith T R | M @Hich canrestrictHIV in monkeysbut
nothumangStremlauetal., 2004;Songetal., 2005). TRIM27L is aninterestingexampleof a
TRIM proteinwhich appeargo havebeenlostin a specificgroup,asit appeardo be missingin
Galliformesbutis presenin ducks,otherbirdsandreptiles(Blaineetal., 2015). TRIM27L
increase$FN-b promoteractivity in chickencellsdownstreanof activeRIG-1 (Blaineetal.,
2015),supportinghat TRIM27L is involvedin antiviral signalingpathwaysn birds. Chickens
alsoappeato be missingRIG-I but havefunctionaldownstreantomponent®f the signaling
pathwaywhich cantriggerantiviral response cellsonceactive(Barberetal.,2010).It is
unknownwhy Galliformes,which aremoresusceptibléo influenzaA virus, would havelost
TRIM27L, aproteinthatappeardo regulatecellularantivird signaling.The fourth Aim of this
thesisdetailswhatpartof the RIG-1 signalingpathwayTRIM27L is augmentingn bothduck
andchickencells.Additionally, | createddomainandmutantconstructdo determinewhat
specificdomainsTRIM27L wasusingfor RIG-1 pathwayaugmentationTheresultsof these
experimentwill helpusunderstandhow TRIM27L regulatesnnateimmunepathwaysn
responséo IFN-b signalingandhow TRIM27L regulationof the RIG-1 pathwaydiffers between
differs betweerspeciesTheresultsof theseexperimentwill helpusunderstandhow TRIM27L
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regulatesnnateimmunepathwaysn responséo infectionandhow it contributego IAV

resistancen theduck.

Significanceof proposedesearch:

TRIM proteinbiology andfunctionin antiviral immunity is anunderstudiecreaof
immunologicalresearchMany of theseproteinsareknownto bedifferentially expressediuring
viral infection,but mosthavenot beenfunctionally characterizedBy increasingour knowledge
of theregulationand functionof TRIM proteinsin influenzainfectionin duckswe cangaina
betterunderstandin@f both TRIM proteinbiology andfunctionin hostpathogennteractionsn

thereservoirhost.
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Figure 2.1. TRIM protein subfamiliesbaseal on variable C-terminal domain. RING: Really
interestingnewgene.COS:C-terminalsubgrouponesignature FN3: Fibronectintypelll. PHD: Plant
HomeoDomain.BROMO: BromodomianMATH: meprinand TRAF homologydomain.TM:
Transmembrandomain.FIL: Filamin domain.NHL: NCL-1, HT2A andLin-41repeatsARF: ADP

ribosylationfactorlike. UC: Uncharacterized.

108



TRIMT3
Rl TRIM14
LS ST LA TRIMZ1
TRIMI4 — l s 1/
e e GLE Endosome
f l OB Eg
® o ——[Rm3s]
@
\ @)« el
P
Mitochondria .
i) RS /'
l e R TRIM32 \
TRIMAT [Fmzs) TRIMS6
\ TRMZ] 'L l
\ ?
= 'L TRIVE
TRIM25 )
TRINMG —— g "L TRIM21
TRIM20
Endoplasmic Reticulum ._ \
.E T o(NF B, o [
[C—# inhibits
'L [ ] » Activates

Figure 2.2. TRIM proteins involved in augmentationof anti-viral signaling pathwaysin

mammals InfluenzaA virus RNA canberecognizedhroughRLRsor TLRs andsignal
downstreamio activatelRF or NF-a BnducedcytokineandchemokineaxpressionThe
cGAS/STINGpathwaycanalsobe activatedthroughinfluenzamembrandusionor cellular
damageleadingto increasesn antiviral signaling.Many TRIM proteinsaugmenthese
pathwayghroughE3 ubiquitin ligaseactivity, SUMOlyation,neddylationor othermodulatory

mechanism#o eitherincreaseor decreasantivird signaling.

109



C;...'d Viral ribonucleoprotein

[ }—® TRIMprotein inhibiton

IAV Entry TRIM35 .

i} e

~O

g
@

Endosome

Figure 2.3. TRIM proteins that directly restrict influenza A virus replication in the cell.
Influenzavirus ribonucleoproteirtomponentaretargetsof TRIM proteindirectantiviral
activity. NucleoproteinNP) is targetecby TRIM14, TRIM22 andTRIM41 for degradationn
thecytoplasm TRIM35 targetsPB2in the cytoplasmfor degradationTRIM32 translocatesvith
PB1to thenucleuswhereit aidsin PB1proteasomatiegradationTRIM25 targetsboththeviral
ribonucleoproteirtomplexandviral RNA, restrictingviral RNA elongationin the nucleuswhile

TRIMS56 directly targetsviral RNA in the nucleusandrestrictsinfluenzaA virus replication.

CHAPTER 3
A versionof Chapter3 waspublishedasCampbellLK, FlemingCanepaX, WebsteiRG
andMagorKE. 2021.TissueSpecificTranscriptomeChangedJponinfluenzaA Virus
Replicationin the Duck. Frontiersof Immunology12(4653).doi:10.3389/fimmu.2021.786205

110



Tissue Specific Transcriptome ChangesUpon Influenza A Virus Replication in the Duck

3.1lIntroduction

InfluenzaA virus (IAV) causesliseasen bothhumansandanimals resultingin periodic
epidemicsandpotentiallyglobalpandemicsMallard ducks(Anasplatyrhyncho$ arethe natural
hostandreservoirlAV, andassucharehighly resistanto viral pathologyor mortality while still
beingpermissiveo viral replication(Websteretal., 1978;Websteretal., 1992; Taubenbergest
al., 2010. In birds,thevirusis categorizedseitherhighly or low-pathogeni@vianinfluenza
(HPAI or LPAI, respectivelydependingdon the outcomeof infectionin chickenAlexanderetal.,
1986;Burggraafetal., 2014). Ducksareresistanto bothHPAI andLPAI viral strainsof IAV,
althoughit is of notethatsomeH5 strainscancauseseveregpathologyor evenmassdie offs in
ducks(SturmRamirezetal., 2004;Binghametal., 2009;Haideretal., 2017). HPAI strains
replicatein thelungsof infectedducksandchickenscausingmorepathologyto infectedanimals,
andthesestrainscanalsocausesystemiadisseminatiorof viral particles(Binghametal., 2009;
Vidanaetal.,2018. LPAI strainsreplicatein theintestinesof ducksto high titres without
causingseriouslesions(Websteretal., 1978;Daoustet al., 2011). This adaptionallowsthevirus
to bespreadn excrementandtransferredhroughsharedvaterwayspr whenducksfly over
poultry farms,giving theducksthemonikerof thefi T r dhjoa mofanéection(Kim etal.,
2009. In particular,H5Ny strainsof influenzacontinueto beenzooticin ducksandremainof
concernfor their pandemigotential((Shietal., 2021).

Theduckmountsa robustimmuneresponséo 1AV, involving key viral detectorsaand
effectors,asrecentlyreviewed(Magoretal.,2013;Evseewetal., 2019;Campbelletal., 2020.
Keytothed u c kratedefensas the cytoplasmicsensoiDExD/H-Box Helicaseb8/retinoic
acidinduciblegenel (DDX58/RIG-I) which detectdAV, andthe mitochondrialantivirak
signalingprotein(MAVS) signalingpathway.Notably,component®f this pathwaydiffer
betweerducksandchickens(Barberetal.,2010;Karpalaetal.,2011;Liniger etal., 2012;
Barberetal.,2013;Burggraafetal., 2014;Miranzo-Navarroetal., 2014;Blaineetal., 2015;
Blyth etal., 2019. We havepostulatedhatRIG-I beingabsenin chickenss oneof themain
reasonsvhy chickensaresosusceptibldo IAV whencomparedo ducks(Barberetal.,2010.

While therearesignificantdifferencesn basalexpressiorof duckinnatereceptorsand
downstreaneffectorsbetweertissuegCampbelletal., 2020, it is still unknownhow different
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tissuescontributeto resistanceo IAV andyet controldamagdrom IAV infectiondespitehigh
viral load.As duckssharea long evolutionaryhistorywith IAV (Websteretal., 1992 it is likely
thatglobalchangesnotjusttheimmuneresponsegontributeto protection.Additionally, dueto
constanselectivepressuresrom thevirus, the duck may haveuniqueantiviral effectorsor splice
isoforms.By comparingmmuneresponses tissuesduringreplicationwe maydiscern
differencedn globalresponséo avianinfluenzain ducksthatarekey to survivinghighly
pathogeniwirusesthatreplicatesystemeally, while alsopermittingreplicationof harmless
strainsin intestine.

Severalgroupshaveexaminedyeneexpressionn ducktissuedollowing challengewith
H5N1 strainsof influenza.Transcriptomesequencingvasperformedon Shaoxinducksinfected
with high andlow pathogenidi5N1 strains(Huangetal., 2013, but this studywaslimited to
lung tissuesKumarandcolleaguegxaminedyenomewide geneexpressiorpatterngo highand
low pathogenidd5N1 virusesin ducksandcomparedung transcriptomeat5 dayspost
infection(Kumaretal.,2017). Smithandcolleaguesequence®NA from domesticGray
mallardsandchickensinfectedwith high andlow pathogenidd5 strains(Smithetal., 2015 and
focuson geneexpressiorcontributingto speciedifferencesn 1AV susceptibility. However,
thesestudiesdid not comparedifferencedn geneexpressiorbetweerducktissuesnvolvedin
viral infection.

In our previousstudycomparingduckresponseso highly andlow pathogeniairuses,
ducksinfectedwith rgA/Vietnam1203/2004H5N1) andA/British Columbia500/2005H5N2)
upregulatedkey innateimmunegenesandalthoughwe characterizednly alimited numberof
geneausinggPCR theducksrapidly clearedbothviruseswith robustearly responsegFleming
Canepeaetal., 2019. We alsodocumentedheviral kineticsof thergA/VietnamH5N1 virus and
demonstratethatin spleenandlung from infectedducks,theinfluenzaA M1 genepeakedat 1
day postinfection,andon days2 and3 M1 expressioronly slightly decrease@lemingCanepa
etal.,2019. Ouraimis to extendthis studyby aligning pairrendedRNA-seqdatato the current
PekinduckgenomeassemblyZJU1.0)to analyzethe globaldifferentialexpressiornpatterngn
tissuesnvolvedin viral replication(lungsor intestine)andthelymphaticresponséspleen)and
identify novelcandidategenedor futureexploration.

Herewe obtaintranscriptomenformationfrom polyadenylatedRNA of ducksinfected

with areversgyeneticsversionof the highly pathogenidd5N1 stran rgA/Vietnam/1203/04
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(VN1203)andthelow pathogenidd5N2 strainA/mallard/BC/500/0§BC500).We look atthe
globaldifferentialexpressior{DE) in lung andspleenof Pekinducksinfectedwith VN1203;and
lung, spleenandintestinesof ducksinfectedwith BC500.We havehighlighteddifferencesand
similaritiesin differentialexpressiorof transcriptsaandidentified setsof geneghathavearisen
by duplicationandmay contributeto hostspecificresistanceOur resultssuggesthattissue
specificregulaton mechanismsnayplay anintegralrole in bothproviding protectionagainst
IAV replicationwhile limiting inflammatoryresponses.

3.2Materials and methods

3.2.1Viral infectionand RNAcollection

Viral infectionandtissuecollectionweredescribedreviously(17,27). Briefly, the
VN1203strainA/Vietham/1203/04H5N1) wasrecreatedisingreversegeneticq28), while the
BC500strainA/mallard/BC/500/05§H5N2) wascollectedduringroutinesurveillanceof wild
ducksin British Columbia,CanadaOutbred6-weekold Pekinducksfrom MetzerFarmor Ideal
Poultrywereusedfor this study.Ducksweremocktreatedwith PBSor infectedwith 10° of 50%
egginfectiousdosegEIDso) of VN1203 or BC500usingthe naturalrouteof infectionby
drippingvirusin naresgyesandtracheaViral replicationwastrackedby takingtracheaknd
cloacalswabsfrom someducksandreportedpreviously(Vanderveretal., 2012. For BC500,
cloacalswabswerepositiveat 2- and3-dayspostinfection (dpi), andtracheakwabswere
negative For VN1203,tracheakwabswerepositiveat 3 dpi, while cloacalswabswerenegative.
InfluenzaRNA gquantificationshowedV genewashighly expressedh lung andspleerfor all
threedaysin VN1203infectedducks(FlemingCanepaetal., 2019 (Supplementaryigure
S3.1) At 1, 2 or 3 dpi, duckswereeuthanizedtissuesvereharvestedandRNA wasextracted
usingTRIzol reagen{Invitrogen).SamplesvereDNAsetreatedandstoredat-80°C.Lung,
spleerandintestinesampledrom mocktreatedanimalswerecollectedfrom 3 ducksat each
time point (1, 2 and3 dpi), howeverdueto RNA quality, only 1 duckfrom mockinfected
animalson 2 dpi wasused.RNA sampledgrom lung andspleenfrom VN1203infectedducks
wereusedfrom 4 ducksat eachtime point, while RNA sampledrom lung, spleenandintestines
from BC500infectedduckswerefrom 3 ducksat eachtime point. The sexof eachduckwas
determinedrom raw readcountsof the SWIM6 gene(LOC10179773Bin eachRNA sample.
SWIM6 is locatedonthe W chromosomédoundin WZ femalesputnotZZ males,andwas

establishedsa valid determinanbf avianembryosexby He andcolleaguegHe etal., 2019. A
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tableof eachsamplenameandcorrespondingexof the duckcanbefoundin Supplementary
File S31.

3.2.2Library constructionrand sequencing

Library preparatiorandpoly-adenylatedRNA sequencingvereperformedoy LC
Scienceghttps://lwww.lcsciences.comBriefly, RNA-seqpairedendlibrarieswerecreatel
usingl | | u nfruBegsirandedmRNA samplepreparatiorprotocol(lllumina, SanDiego,
CA). Integrity of RNA wascheckedusinganAgilent Technologie®100BioanalyzerTwo
roundsof purificationof poly(A) containingmRNAswereperformeadusingoligo-dT magnetic
beadscDNA librariesweremadeandquality wasassessedsingAgilent Technologie2100
BioanalyzemHigh SensitivityDNA Chip. Pairedendedsequencingf the cDNA librarieswas
performedusingl | u m NovaSédg000sequencingystem.Thesequeningresultedn paired
150bp readswith approximately6GB of dataperrun, resultingin asequencinglepthof
approximatelyd0 million readspersample.

Sequencelatawassubmittedto NCBI sequenceeadarchive(SRA) underthe BioProject
ID PRINA767080.

3.2.3Sequencanalysisanddifferentialexpression

LC SciencesisedCutAdapt(30) to removeadaptorsandlow-quality basesandthen
verified for quality usingFastQC(Availableonlineat:
http://lwww.bioinformatics.babraham.ac.uk/projectdtiad. We usedTrimmomatic(Bolgeret
al., 2014 onthesereadsto furtherseparatgairedendreadsandremoveunpairedreadsfrom the
data.RNA sequenceeadswerealignedto the NCBI genomeof the mallardduck (Anas
platyrhynchosassemblyzJU1.0)usingHISAT2 version2.20(Kim etal.,2019. Readswvere
countedandsortedusingFeatureCountsersion2.0.0(Liao etal., 2014). Dueto theoverallrate
of unassessegeneduplicationsin thegenomemulti-mappedeadswverecountedand
fractionallyassignedo featuresReadswveresortedby fi f e a fondiffexedtial expression
betweerexons,andfi Me-t @& a t far diffeer@ntial expressiorbetweertranscripts.

Differential expressior{DE) analysisvasperformedn theR studioenvironmentersion
4.0.0usingEdgeR(Robinsoretal., 2010. Library sizeswerenormalizedusingthetrimmed

meanof M-values(TMM). F i s heractt@sswasusedto determinghe numberof DE genesof
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infectedtissuescomparedo their internalcontrolsamplesGeneswvereconsideredE if
FDR<0.05andfold changgFC) >2 andwereusedin downstreananalysis All DE genedor
bothVVN1203andBC500experimentsanbefoundin Supplementaryile S32. Venndiagrams
comparingexpressedgenesveremadeusingDiVenn (35) or Venny 2.1 (Oliveros,2007).

The EdgeRfunctiondiffspliceDGEwasusedto assessalternativesplicingeventsduring
infection.All alternativelysplicedgenedor bothVN1203andBC500experimentsanbefound

in Supplementaryile 3.

3.2.4Enrichmentand STRINGanalysis

Differentially expressedienesverecombinedfor all threedaysof infectionin each
differenttissue infectedwith VN1203or BC500.Thesegenesveresubjectedo over
representatioanalysiS{ORA) for geneontologybiologicalproces{GO BP) terms,with the
noRedundarfilter addedto reduceredundanenrichmentermson WebGestal{Wangetal.,
2017).

Searchrool for the Retrievalof InteractingGenes/ProteinESTRING) diagramswere
madeusingCytoscaperersion3.8.0(Shannoretal., 2003. Enrichment analysisof differentially
expressedeneg DEGs)wasperformedn Cytoscapaisingthe STRING appfor STRING
diagramsandenrichmeni{Doncheveetal., 2019. Dueto therelativeincompletenessf avian
enrichmenandinteractiondatabasesll genenames werechangedo the humanequivalentand

searchedgainsthe humandatabase.

3.2.5Geneannotationandidentification

Many of theannotationsn the NCBI file hadonly numericaldescriptionsandnot
annotatedyenenamesTo assignrnamego thosewith significanthits from the DEG lists, we
searchean NCBI andif availablefrom the descriptionthe genenamewasmanuallyassigned.
Genenamesnverechangedisingafind andreplacemacroin excel(Supplementaryile S34)
written by www.extendedoffice.corthttps://www.extendoffice.com/documents/excel/1-873
excelfind-andreplacemultiple-valuesat-once.html) Any genedlaggedin the dataset®iamed
with locationnumbersonly weresubmittedto NCBI BLAST to searchagainstboththe bird and
mammaliardatabase For geneswithout significantBLAST orthologs thelocationnumber

identifier wasnot changedGenedlaggedassignificantwhich hadthe samegenenameasothers
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in thelist wereinvestigatedo determindf this wasa genomanis-assemblyparalogougeneor
misidentificationthroughBLAST, usingproteinalignmentsandchromosomalocations.

To differentiategenesn our resultswe appliedcertainrulesto namingrelatedgenes.
Geneswith thefi p s e u d degignatieio NCBI wereassignedfip s esuffix. Likewise,
gene<lassifiedasnoncodingRNA (ncRNA)weregivenafin ¢ R NsAIfix. Genesvhichwere
identifiedasfi | i dnah@rgeneon NCBI weregiventheftL ¢suffix. In casesvheremultiple
genedn onedatasetvereclassifiedwith the samenamewith theftL &suffix, thegeneswere
numberedasitL # with thelowestnumberbeingclosesin chromosomalocationto the
presumedrthologor the annotatedjeneon NCBI. Geneswvhich shareddenticalnamesthat
couldnot be clarified by theabovemethodskepttheir genenameshut weregivenanumerical

suffix in the orderof thegeneson theirrespectivechromosomefi.e.i P A R P PARP14,2).

3.3Results
3.3.1RNAsequencingeadsfrom ducksinfectedwith VN1203or BC500align to genome

andclusterby tissueandvirus infection

To determinghe quality of our RNA readsandamountof coverageovertheduck
genomewe alignedour RNA-seqdatato the NCBI Anasplatyrhynchoggenomeassembly
ZJU1.0.Theaveragalignmentrateof RNA sequencingeadsto genomenas92%. Countedand
soriedreadsweresuccessfullyassignedo featuresat anaverageateof 75%,indicatinggood
coverageandsequencinglepthof samplesThe countedandassignedeadsfor eachsample
whengraphedusingmultidimensionakcaling(MDS) clusteredwith similartissue(Figure3.1A)
andvirustype (Figure3.1B). Samplesrom lung andspleentissuedrom VN1203infectedducks
werevery distinctfrom tissuedfrom BC500infectedandmocktreatedducks,while tissuedrom
infectedducksweredistinctfrom mocktreatedsanples.As intestinesamplesveretakenonly
from ducksinfectedwith BC500,we expandeaur MDS analysisto includeday postinfection
(dpi), wherel and3 dpi clusterednorecloselythan2 dpi. Onemocktreatedntestinesample
(MI1) wasanoutlierin this group,howeverasit clusteredwith otherintestinesamplesanddid
not significantly changehe overallanalysisvhenremoved(datanot shown),we keptit in in the
datasetfor furtheranalysis Sexof ducksis indicatedby color codingof samplegFigure3.1B).
Of note,control birdswerea mix of maleversusemaleducks(4:3). Ratiosof maleto female
ducksinfectedwith LPAI werel:2,2:1,and2:10n 1, 2 and3 dpi respectivelyRatiosof maleto
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femaleducksinfectedwith HPAI were3:1,3:1and2:2 on 1, 2 and3 dpi. The MDS plot suggests

somesegregatiomf samplesaccordingto sex.

3.3.2VN1203InfectedDucksHaveMore Differential GeneExpressioriThanThose
InfectedWith BC500

To evaluatehe numberof genedifferentially expressedh lungs,spleensandintestinesof
ducksinfectedwith VN1203or BC500,we usedF i s heractt@ssto comparenfectedtissues
to controlon 1, 2 and3 dpi. Lung andspleensampledrom VN1203infectedduckshadthe most
statisticallysignificant(FDR<0.05)DEGson all threedaysof infection,while BC500infected
duckshadmuchlessDE in lungsandspleen(Table3.1). We havepreviouslyreportedmuch
highertranscriptievelsfollowing VN1203thanBC500infectionwhenanalyzingexpressiorof
individualimmunegeneq26). In contrasto othertissuessampledn BC500challengediucks,
theintestineshadmoreDEGs,althoughmostwerebelowthethresholdfor fold changecut off
(Table3.1).

To determinehow manygeneswveresimilarly upregulatesr downregulatean all threedaysof
infection,geneswerefiltered by FDR (>0.05)andlog2(FC).Although eachtissuehada number
of uniquealteredgenegherewasconsiderabl@verlapof DE genesn lung andspleenon each
day postinfection (Figure3.2A). At 1 dpiwith VN1203,852DE genesarecommonbetween
lung andspleenwith mostgenesupregulatedHowever,at 3 dpi the numberof DEGsuniqueto
lung aregreatlyincreased.

To determinaf the samesubset®f genesvereeitherup or downregulatedon all daysof
VN1203infection,we createdVENN diagramgo comparegeneregulationwithin eachtissue.
Geneghatwereup or downregulatediuringVN1203infectionin lung (Figure3.2B) or spleen
(Figure3.2C) wereanalyzedo seehow manywereexpresseduringall 3 dpi, andhow many
changedexpressiordependingon day. In thelung only 20% of upregulatedyenesvere
upregulatedn all daysof infection. Thisis similarin the splea, where1l8%of geneswere
upregulatedn all daysof infection.In bothlung andspleenthe mostDE specificto day of
infectionhappen®n 1 dpi (36%in lung, 31%in spleen)while 2 dpi hasthelowestnumberof
genesspecificto thatday differentially expresse@5% in lung, 6%in spleen) A similar pattern

emergegor thedownregulatedjenesasonly 13%of thedownregulatedEGswere
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downregulatedll daysof infectionin bothlung andspleenOnceagain,2 dpi hadthe lowest

numberof downregulatedEG specificto thatday (8% in lung, 6% in spleen).

3.3.3.GOBiological ProcessEnrichmentAnalysed-ind Commonalitieand
DissimilaritiesBetweerVN1203and BC500Infection

To determinewhich pathwayswvereenrichedn eachtissueduringinfectionwith VN1203
or BC500,we submittedDE genego the WebGestalserver All DE geneswereclustered
togetherto allow for analysisof enrichedGO termson all threedayspostinfection,andthetop
10 statisticallysignificant(FDR<0.05)hits werereportedn Figure 3. Resultswereseparated
into termsin common(GO termsenrichedn all tissuessampled)r uniqueto tissue(spleenand
lungin VN1203infection,spleenjung, andintestinefor BC500infection).During VN1203
infection,mostof the commonlyenrichedpathwaysepresentetly upregulatedEGswere
involvedin immuneresponseg§Figure3.3A). Both innateandadaptivemmunetermswere
enriched(G0O:004508&ndG0:0002250)Likewise,responséo virus wasalsohighly enriched
(GO:0009615)Pathwayghatwereenrichedoy uniqueupregulatedEGsin spleenincluded
manytermsinvolvedin proteinfolding, andmisfoldedproteinresponse$G0:0034976,
G0:0035966G0:0032527andG0:0018196)Likely, thesepathwaysandthoseinvolvedin cell
motility (GO:2000147areenricheddueto immunecell accumulatiorandactivation.Thelung
of VN1203infectedduckswasenrichedwith termsinvolving actinandcytoskeleton
rearrangemen(G0:0031532ndG0:0043062)andcell surfacesignalingpathways
(G0O:0007186).

GO termenrichmentresultingfrom downregulatedEGsfound commontermsin cell
adhesion(G0:0031589pndcell growth (GO:0016049)Figure3B). Interestingly bone
mineralizationor ossificationtermswerealsoenrichedn thecommondownregulatedEG
population(GO:008348,G0:0001503andG0O:0060348)G 0O termsenrichedn spleenof
VN1203infectedducksdueto downregulatiorweremostlyinvolvedin neuronakignalingand
cell developmentyhile termsenrichedoy downregulated EGsin lungswerecomprisedof
pathwaysnvolvedin muscledevelopmen{G0O:0060537G0:0042692(:0:0007517and
G0:0003012pndcell cycle progressiorfGO:0007059(:0:0061641andG0:0051383).

DEGsupregulatedluringBC500infectionenrichedsimilar pathwaysasthosefoundin
VN1203,howeverBC500enrichedthetypel interferonpathwaythe most(Figure3.3C).
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Surprisingly,upregulatedEG in theintestineenrichedmanypathwaysnvolving notonly cell
cycle progressionbut RNA processingDueto theoveralllow numberof DEGsin lungs
infectedwith BC500,therewerenotenoughuniquelyexpressedEGsto properlyanalyze
enrichmentUpregulatedyenesn BC500infectedspleensnly enrichedfive pathwaysandall of
thosewereinvolvedin immunity. Therewerenot enoughtotal downregulatedDEGsto analyze
commonenrichmenor uniqueenrichmenfor spleensandlungs(Figure3.3D). Theintestines
did haveuniqueenrichmenbf manypathwaysnvolvedin metabolicprocessingf glycerolipids
andfatty acids(G0:0046486ndG0O:0006631 pmongthe downregulatedEGs.

3.3.4VN1203InfectionGreatly IncreasesAlternativeSplicingEventsn Lung

To determinaf 1AV infectionaltersalternativesplicing (AS) eventsin lung, spleenand
intestineof infectedducks,we analyzedalternativesplicingeventsby countingdifferencesn
readsmappedo individual exonsbetweerninfectedandcontrol samplesAs with total DE
expressionYN1203infectedlungsandspleendiadmanymoreAS eventsthanBC500infected
tissueqTable3.2), with infectedlungshavingthe mostAS eventson all 3 dayspostinfection.
Lungsfrom ducksinfectedwith VN1203had456,50,and267 AS eventsat 1, 2 and3 dpi.
Spleendrom VN1203infectedduckshad70,57,and106 AS eventson 1, 2 and3 dpi
respectivelylnterestingly while intestinetissues from BC500infectedduckshada muchgreater
amountof total DE geneghanothertissuegnfectedwith the samevirus, intestinesonly had?,
37 and9 AS eventsdetectedn 1, 2 and3 dpi (respectively)As IAV proteins,suchasNS1,can
influenceAS eventsin thecell (40), it is possiblethatVN1203infectionitself is responsibldor
this dramaticincreasan AS events.

To determineghe GO terminologyassociatedavith theseAS eventsall significant(FDR <
0.05)AS genesveresubmittedto the WebGestalserver.Only VN1203infectedduckshad
enoughgenego producestatisticallysignificant(FDR < 0.05) GO results(Supplementaryigure
S32). Lungsof ducksinfectedwith VN1203at 1 dpi haveAS eventsn genesassociatedavith
musclecell proliferationand migration(G0:0033002andG0:0014812)Supplementaryigure
S3.2A). Curiously,respiratorysystemtermsarealsoenrichedby theseAS geneqG0O:0060541
andG0:0030323)Both spleensaandlungsof VN1203 duckshadstatisticallysignificant
enrichmenbf GO termson 3 dpi (SupplementaryfigureS32B). Thereweredistinctsubsetof
GOtermsenrichedn eachtissue with lung AS genesenrichingmoregenerakermsassociated
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with actinorganizationGO:0007015)proteinsignaltransductio(GO:0051056nd
GO:0007265)ndgenerakellularandtissuegrowthprocessesAS eventsn the spleenhowever,
enrichedermsinvolving inflammatoryresponse$G0:0002526ndG0:0050727)platelets
(GO:0002576)humoralimmuneresponsefG0:0006959pndmigrationof leukocyes
(G0O:0050900).

Thelack of statisticallysignificantGO termson otherdaysin lung andspleenis likely due
to therelativelylow numberof genesassociateavith AS eventsaswell asthe variousfunctions
of thesegenesRepeatinghe RNA-sequencingvith a greatersequencinglepthwould likely

resultin amoreaccuratesamplingof AS eventsin thesetissues.

3.3.5VN1203and BC500InfectionsUpregulateSharedSetsOf Genedn Spleensl.ungs,
andIntestines

To determinewhich genesveresharedn respongto virusin all threetissuessampledwe
inspectedhelists of DEGson 1, 2 and3 dpi for eachtissueinfectedwith eitherVN1203or
BC500for genesgn common Betweenthe VN1203andBC500infectedducks,therewere65
upregulategharedyeneqFigure3.4A). We subjectedhis setof genedo Reactomenrichment
analysisusingCytoscapeSTRING app(Figure3.4A). Thelargestgroupof genesenrichedhe
i Re a c tmmumes: y s t patmvay.The expressiompatternsof genesdn this groupare
differentbetweerivN1203andBC500infection (Figure3.4A). VN1203 causedighestgene
expressiorat 1 dpi while BC500infected duckshadhighestexpressiorof mostof thesemmune
genesat 2 dpi. Indeed whenlooking at statisticalsignificanceof thesegenesthe FDRis < 0.05
for mostof thesegenesat 2 dpi in spleen)ung andintestine(Supplementaryile S31), however
thisis notthe casefor mostgenesl and3 dpi. Thelargeincreaseof DEGsin ducksinfectedwith
BC500at 2 dpi correspondso viral titres, aswe previouslyreportedthattheseduckshadcloacal
swabsnegativefor virus on 1 dpi, with significantviral titres on 2 and3 dpi (Vanderveretal.,
2012.

To determinewhich highly upregulatedyenesverein commonbetweerdifferenttissuesn
VN1203infectedducks,we filtered significantDEGsby log2(FC)>1.5 Geneghatreachedhese
parametersn 1, 2 or 3 dpi werekept,combinednto alist for eachtissue thencomparedWe
removedhe 65 genedoundupregulatedn all tissuesduringbothVVN1203andBC500infection
to reduceredundancyn thedatasetsRepeanoncodingRNA (ncRNA) andpseudogenesere
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alsoremoved.A heatmapof mostupregulatedEGsin VN1203infectionwasplottedshowing
genescorrespondindo differentReactomegpathwayslacedtogetherFigure3.4B). The
resultingSTRING diagramdemonstratethatmostof the proteinproductsof thesegeneshave
predictednteractiongFigure3.4B). Out of the 67 total genessharedetweertissuesn VN1203
infection,44 wereassociateavith thei R e a ¢ tmmumes: y s t patimay.Thegenes
enrichedn the classicakcomplemenpathwayhaveslightly differentexpressionpatterns
betweerlung andspleenln lungsmanyof thesegenesvereupregulated dpi, whereasn
spleerthe expressiorof thesecomplemengenesvassustainedhroughall 3 days.Geneswvhich
enrichedhefi R e a ¢ Bignatisgbyi nt e r |pathnkyiwaerepr@dominantlyupregulated
dpi. ProinflammatoryinterleukinsiL -6, IL-1 fandIL-18 areall upregulated. dpi, consistent
with our previousgqPCRanalysegSaitoet al., 2018. Geneghatenrichedooththel F N Erid b
| F Nignalingpathwaysveremodgly upregulatedn bothtissuesl dpi. Some,suchasIFNB and
IFITM1 showsustainedxpressioron all 3 dayspi.

Ducksinfectedwith bothVN1203andBC500upregulateés5 genesn commonmostof
which produceproteinsthatrespondo interferonsor haveimmunefunction.VN1203strongly
upregulates differentsubsebf genesjncluding genesnvolvedin thecomplementascade,
proinflammatorycytokinesandinterleukinsandvariousothergenesnvolvedin immune
responsesiVhile VN1203upregulatesnostimmunegeneson 1 dpi, BC500upregulateshese
geneson 2 dpi, thedelaylikely dueto thetime neededor virus to reachthe intestinefor
replication.

Unfortunately therewereno availableenrichmentiatabasethataccuratelyplacedall
genesn enrichmentaegories Many geneghatareinvolvedin immunity, antiviral defenseor
areinterferoninduciblearenotyetaddedo the Reactomealatabasesr without enough
additionaltermsto be considerednrichedn this datasetGenessuchasIFIT5 (Zhangetal.,
2013;Zhouetal.,2013;Rohaimetal., 2018;Santhakumaetal., 2018, DDX60 (Miyashitaet
al.,2011;0shiumietal.,20195, SAMD9 (Liu etal.,2014 andSAMDOIL (Boonetal.,2014 are

potentiallyinvolvedin innateimmunity or antiviral defenseyet areunclassifiedn this dataset.
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3.3.6VN1203InfectionPreferentiallyUpregulates?RRand SignalTransductionGenes
in theLungandInterleukinsin the Spleerof InfectedDucks

To determinewhich highly upregulatedyenesvereuniquelyexpressedh lung or spleenof
ducksinfectedwith VN1203,we filtered significantDEGsby log2(FC)>1.5or all threedays
postinfection. Genesvhichwerefoundin bothtissuesvereremovedrom the datasetWe
removedhe 65 genedoundupregulatedn all tissuesduringbothVVN1203andBC500infection,
aswell asrepeaincRNA andpseudogenessdescribedreviously.

Many of thegenesupregulatedn lung haveimmunefunctions,however,only 20 outthe
total54f u n it wenggnesverefoundenrichedn thel R e a ¢ tmmumes: y s tdataseét
(Figure3.5A). Within this clusterthereis significantoverlapbetweeraccessorgenesn both
thefi R e a ¢ Cywokireesignalingin theimmunes y s taadi® e a ¢ Signaliagby
i nt er |categéryThesegenesareall upregulatedn 1 dpi, with the notableexceptionof
IFNG. IFNG is primarily upregulatedn lungsandhasincreasedxpressioron both 1 and3 dpi,
but curiouslynot on 2 dpi. Lungsof ducksinfectedwith VN1203alsoseeuniqueexpressiorof
manyPPRsjncluding TLR1A, 1B, 2A, 2B and4. All of theseTLRs havethe highestexpression
on 1 dpi. Theotherprimaryenrichmenpathwayin lungsisthei Re a ¢ Signaiter ansducti on
whichincludesii R e a ¢ ClasgA\él (Rhodopsidiker e ¢ e p Theexmedsgorof these
pathwayss morevaried,with somehavinghighestexpressiorat 1 dpi while othersat 3 dpi.

Amongthegeneauniquelyexpressedh the spleenof VN1203infectedducks,almosthalf
enrichthefi R e a ¢ tmonames: y s t patimay(Figure3.5B). As thespleenis secondary
lymphatictissue,it is perhapshot surprisingthatgeneghatenrichedthefi R e a ¢ MidQrle :
antigenp r e s e npathwaywereprteferentiallyupregulatedhere.A subsebf thesegenesalso
enrichedhefi R e a ¢ Cydokireesignalingin theimmunes y s t patimay howeverunlike in
thelung, mostof thesegenescodefor interleukinsandnotaccessorproteins. A goodproportion
of theinterleukingenedlaggedhereenrichedthei R e a c Ihterleukin20familys i gnal i ngo
pathway.Thesegeneshavepeakupregilationon 1 dpi, andinterestingly manyarealsogreatly
downregulatedn lungs.

VN1203infectioncausesipregulatiorof differentandspecificsubset®f immunegenesn

thelungandspleenlin lung, moregenesnvolvedin pathogemrrecognitionandsignd
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transductiorwereupregulatedyhile in spleengeneupregulations centredaroundpro-

inflammatoryinterleukinsandpeptideprocessing.

3.3.7BC500InfectionCausedJp or Downregulationof Distinct Subset®f Genedn the
Intestines

To determinewhich highly upregulatedjyenesvereuniquelyexpresseah spleenjung or
intestineof BC500infectedducks,we filtered significantDEGsby log2(FC)>1.5for all three
dayspostinfection (Figure3.6). Geneswvhich werefoundin 2 out of 3 tissueswereincludedin
this datase{Figure3.6A). For this analysiswe removedhe 65 genesxpressedh all tissues
identifiedin Figure4A. Out of the 64 geneshighlightedin this dataset22 enrichedthe
A Re ac tmmumes: y s tpatimay.While mostgeresfoundin this datasetn lung or spleens
arealsoupregulatedn VN1203infection, CRISP3is upregulatedy BC500in thelungonall 3
dpi, butnotatall in VN1203infection.Many of thesegenesenrichthetermi Re act o me :
Cytokinesignalingin theimmunes y s t Eh@séaremostly specificto spleenandintestinesof
BC500infectedducksandpeakat 2 dpi. Thisis alsotruefor asmallernumberof geneswvhich
enrichedhefl R e a ¢ Bignaliegbyi nt e r |pathuvayiArsishgebf genesenricheghe
A R et@ane:Regulationof genesn earlypancreatic e | phtbway.Thesegenesareall
transcriptionfactorsandareprimarily upregulatedn intestinesat 2 dpi. A groupof solutecarrier
(SLC) family membemenesenrichedtheil R e a ¢ Sldcimediatednembrané r a n gepror t 0
uniquelyin intestinedfrom BC500ducks.TheseSLC genesareupregulatedtartingat 2 dpi.
Component®f the complemenpathwayenrichedthefi R e a ¢ Reguta¢ianof complement
c a s c aidilaréo whatis seenin VN1203infection (Figure3.5B). All threeof thesegenesare
upregulated dpi in intestineswhile their expressions variablein spleenandlung. It is of note
thatmanyof the highly upregulatedjenesspecificto intestineduringBC500infectionarenot
characterizedh infection. As with the previousdatasetssomegenesn this datasesuchas
CCL28(Mar etal., 2018 areinvolvedin immunecell responseandotherssuchasLY6E(Mar
etal., 2018, areinterferonstimulatedgeneqISGs).

As IAV canreplicatein theintestinego hightitreswithout causingsignificantdamageor
pathology we investigatedhedifferencesn downregulatedjenesn theintestinescomparedo
all othertissuedo seeif downregulatiorof specificgenesmight minimize pathology DEGsin
theintestneswerefiltered by significance(FDR<0.05)andlog2(FC)(<-1). Fromthislist, we
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manuallycomparedyenesof interestto infectionin lung andspleenof VN1203andBC500
infectedducks.Geneswvhich werehighly downregulatedhn intestineghatmayplay arolein
eitherimmuneresponsesr viral restrictionwereexaminedn eachtissueandvisualizedusinga
heatmagFigure3.6B). Many of thegenesn this datasebf downregulatedenesenrichthe
Reactomegathwayi R e a ¢ tmmumeS y s t €hesggenesalsoenrichthei React o me :
Cytokinesignalingin theimmunes y s taadf & e a ¢ Signaliegbyi nt er | h@a ki ns 0.
downregulatiorof thesegenegpredominantlyhappen®n 2 dpi, thetime pointwhenmanyother
immunegenesareupregulatedn theintestinesof BC500infectedducks.The Reactomepathway
A R e a ¢ Regutetianof complement a s c ia alseemrichedby asubsebf these
downregulatedjeneshoweverunlike in Figure3.6A, thegeneghatenrichthistermalsoenrich
thefi R e a ¢ Aabivaiton of C3andC 5 gathway While BC500infectionin theduckcauses
lessDE thanVN1203,therearemanygenesuniqueto theintestinalresponseo this virus. Many
of thesegenesareuncharacterizeth viral infectionandwarrantfurtherstudy.

3.3.8Interferonand Cytdkine ResponseBeakat 1 dpi WithVN1203,andISGsPeakat 2
dpi With BC500

To identify thegenescontributingto the peakimmuneresponseén the sitesof replication,
we examinedyeneexpressiorpatterndn infectedducks.Becausenanyimportantimmunegenes
wereupregulatedn the lungsof ducksinfectedwith VN1203on 1 dpi, andmostgeneregulation
in intestinesof ducksinfectedwith BC500wasat 2 dpi, we filtered all statistcally significant
(FDR < 0.05)genesonthesedaysby expressiorievelsandcompiledlists of thetop 100 mostup
or downregulatedienesWe removedgenesdesignatedn NCBI asncRNA or pseudogenet®
limit thelists to geneghatpresumablycodefor protan. VN1203inducesa muchmorerobust
responseéhanBC500(Figure3.7), with half of thetop upregulatedyenesbeingupregulatedy
asmuchaslog2(FC)of 4.5 or more,while only thetop 13 genesn the BC500dataseareabove
alog2(FC)of 4. Many of thetop upregulatedjenesof the VN1203infectedlungsarecytokines
(ForexamplelFNA, IFNB andIL12A) or interferoninduciblegeneqfor examplelFIT5, OASL
andMx). Thetop upregulatedjenesn BC500however arelackinghigh cytokinegene
expressionbutstill havehigh expressiorof someinterferoninduciblegeneqnotablyMx).

We alsoexpandedhis analysisto thetop 100genesnostdownregulatedn 1 dpi in
VN1203infectedducks,andon 2 dpi in BC500infectedducks(Supplementary§igureS323).
While initially it appearshatdownregulations lessrobustin thelungsof VN1203infected
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ducks,thisis only on 1 dpi. Inspectionof the datarevealsthatmoresignificantdownregulation

of genedn thelungsof ducksinfectedwith VN1203happensat 2 and3 dpi.

3.4 Discussion

Herewe compareglobalchangesn geneexpressiorof ducksinfectedwith thelAV strains
VN1203or BC500usingRNA-seqanalysisWe comparedRNA profilesof tissuessampledo
identify genesvhich weresimilarly upregulatedn all infectedtissuesaswell asgeneswhich
wereuniquelyupregulatedn specifc sites.This enabledusto delineatespecificresponsem
sitesof virus replication(lungsfor VN1203,intestinesor BC500)comparedo lymphoidtissues
(spleen)Ducksrespondo VN1203infectionwith a highinterferonsignatureat 1 dpi in lung,
yet soondownregulatekey proinflammatorycytokines.BC500infection stimulateghe highest
geneupregulatiorat 2 dpi in intestinetogethemwith downregulatiorof leukocyterecruitment
cytokines A globalpictureemerge®f arobustandrapidinterferonregponseto VN1203in lung,
anda significantresponséo BC500in intestine yet bothresponseseretemperedo limit
damageAs partof the sequencingffort for the AnasplatyrhynchoggenomeHuangand
consortiumperformedranscriptomicanalysisof Shaoxn lung tissuedollowing infectionwith
H5N1 strains(Huangetal., 2013. Theysawa similarly robustinterferonresponsearlyin
infectionandelaboratedn cytokineanddefensinexpressionOur work buildson this by
investigatingthe globalregulation of genesn lung, spleenandintestineusingthe mostcurrent
versionof the PekinduckgenomgNovemberl5, 2020).Smithandcolleaguesequencetiing
andintestineRNA from domestidGray mallardsinfectedwith similar viruses butusedsingle
strandedeadsat alower sequencinglepthon 1 and3 dpi only (Smithetal.,2015. The Gray
mallardducksalsohada muchmorerobustresponsé¢o VN1203infectionthantheydid to
BC500infectionon 1 and3 dpi. Many of the highly expressedenesarein commonwith our
results howeverthe additionaldepthof sequencingevealdessabundangenesandallowsusto
analyz alternatesplicingin the sampledissues.

Overall,we foundthattherewere65 upregulatedyenescommonto all tissuedollowing
infectionwith bothviruseswhile lungs,spleensandintestineshadmanygenesuniquely
differentially expressedOf these65 similarly upregulatedyenespatternrecognitionreceptors
(PRRs)which candetectRNA viruseswerehighly upregulatedn all tissuesThisincludesRIG-
| andtherelatedinterferoninducedwith helicaseC domainl/melanomalifferentiation
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associategrotein5 (IFIH1/MDADS) andtoll-like receptor3 (TLR3). VN1203infectioninducesa
muchmorerapid androbustresponsef IFN induciblegenegsuchasRSAD2Yiperin and
IFIT5) in theduckthanBC500infectiondoes.Theinterferonresponsg@eaksat 1 dpi for
VN1203,while theresponsé¢o BC500peaksat 2 dpi. The expressiorof genesn the RIG-I
pathwayfrom the RNA-seqdatamostly matchtheir expressiorprofileswe previously
determineduisinggPCR(Barberetal., 2013;Saitoetal., 2018;FlemingCanepaetal., 2019,
with highestexpressiorof DDX58/RIGI, IFIH1/MDA5, RNF135/RIPLETOASL, IFITM3 and
IRF7 on 1 dpiin ducksinfectedwith VN1203.ExceptionancludelFNB expressiorandtripartite
motif protein25 (TRIM25) expressionn VN1203infectedducks.In our previousstudiesthe
gPCRresultssuggestethesetwo genesvererobustlyexpressedn 1 dpi, andrapidly dropped
to basallevelsby 3 dpi, while our RNA-seganalysissuggestshesegenesxhibit sustained
expressioracrossll 3 dpi. Likely thesedisaepanciesredueto thedifferenttechniqueof
normalizationusedbetweerthetwo studieswith the gPCRexperimentsiormalizedo asingle
gene(GAPDH) andthe RNA-seqdatanormalizedusingTMM andlibrary size.Additionally,
RNA-sequencinglatawill stll countsplicevariantsin its readcounts while gPCRmaymiss
someof thesevariantsdueto primerdesignandplacementSomeof the changesn gene
expressiorseenn tissuesarelikely dueto infiltrating immunecellsrespondingo infection.We
prevously reportedaggregatesf leukocytedn lung tissuesandleukocytedepletionof spleen
tissuedn VN1203infectedducks(FlemingCanepaetal., 2019. Othershavealsonoted
infiltration of immunecellsto lung, spleenandintestinefollowing influenzainfection (Cooleyet
al., 1989;Cornelisseretal., 2013. We previouslyshowedupregulatiorof CCL19andCCL21
chemokinestesponsibldor homingof dendriticcellsandnaivelymphocyteqForsteretal.,
2008, in VN1203infectedlung (FlemingCanepaetal., 2017J). In this study,we see
upregulatiorof thesetranscriptson all daysfollowing VN1203infectionin bothlung andspleen,
butonly in spleenf BC500infectedducks.Indeed,CCL19is oneof themostupregulated
genesHigherexpressiorof CCL19andotherlISGswasseenn genotypedri chickenlinesthat
weremoreresistanto H5N1 infection(Vu etal., 2021).

Infectionwith BC500inducesthemostDEGson 2 dpi. Thisis especiallyevidentin the
siteof BC500replication,theintestine.Thisis not surprisinggiventhatcloacalswabsfrom
theseduckswerenegativefor viruson 1 dpi, buttheyweresheddinghigh titres of virus on days

2 and3 (Vanderveretal., 2012. It seemghatthevirusreplicatesn intestineat 2 dpi, andthe
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hosttissueregpondsaccordingly. Tracheakwabsfrom BC500duckswerealsonegativeandthis
is consistentvith our resultof relativelylow changesn DEGsin thelung. While this virus
producesho observablesymptomsan theduck, it replicatego hightitresandassuch can
disseminaténto the environmentSincewe do not seeabundantviral transcriptan theintestinal
tissuesegitherthetissuecollectionmissedthe major sitesof replication,or the cellsactively
producingvirus arepresenpnly transientlyor rapdly destroyedThe 2 dpi timepointwasnot
examinedoy Smithandcolleaguesn their RNA sequencinglata,howevercomparabldo our
data,theyfoundsimilar genesupregulatedat 1 dpi in theileum of BC500infectedmallards,
includingIFIT5, ESPTI1 Mx, OASL, DHX58andSAMD9YL(Smithetal., 2015.

We seemanyPRRandIFN-induciblegenesupregulatedn tissuednfectedwith either
VN1203or BC500.We hadpreviouslylookedat expressiorof bothring finger protein135
(RNF133Riplet) and TRIM25 (FlemingCanepaetal., 2019, which bothaugmenRIG-|
signalingduringviral infection.Herewe seethat RNF135is upregulatedy infectionwith either
BC5000r VN1203in all tissueswhile TRIM25is upregulatedn bothlung andspleenduring
VN1203infection. We alsoseeDExXD/H-Box Helicase60 (DDX60) upregulatedy both
VN1203andBC500in all tissuessampledIn mammalsPDX60 bindsRIG-1 andpromotes
RNA bindinganddownstreantypel IFN productionduringviral infection (Miyashitaetal.,
2011buthasnotbeenstudiedin birds.We alsoseestrongupregulatiorof IFN induciblegenes
suchasradicalSAM domaircontaining2 (RSAD2Viperin), 2a5aoligoadenylatesynthetasdike
(OASLD), interferoninducedproteinwith tetratricopeptideepeats (IFIT5 andIFIT5-L, alikely
mistakein genomeassemblyandMx. RSAD2 OASLandMx areall highly upregulatedy
VN1203andBC500in all tissuessampledRecentexperiment®stablisithe antiviral function of
theseduckhomologuesOverexpressioof duckIFIT5 redu@sviral titre at earlytimepointsbut
appearso inhibit innateimmunity later (Wu etal., 2020. Duck OASL activateshe
OAS/RNaselpathway(Rongetal., 2018. Similarly, overexpressioonf duckViperin reduces
viral replication(Xiangetal., 2020.

Althoughupregulatedsomegenesmay not be functional.For example Mx is highly
upregulatedht 2 dpi in intestinesof BC500infectedducks,while manyotherPRRandIFN-
induciblegeneswvereonly slightly upregulatedn thattissue.Thefunctionof duckMx haslong
beenin questionastwo allelesshowedno antiviral activity in vitro (Bazzigheretal., 1993.

Similarly, two membersf theinterferoninducedtransmembranproteinfamily IFITM1 and
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IFITM2, smallproteinscapableof preventingviral hemifusionof membranegreventingentry,
havehighly upregulatedranscriptdan intestine but we previouslyshowedhatneitherrestricts
influenzavirusesin vitro (Blyth etal.,2016. IFITM1 is mis-targetedo plasmamembrane,
ratherthanthe endosomatompartnentdueto a uniqueinsertionin ducks,notseenn chickens.
Only IFITM3 restrictsinfluenzaviruses,andits expressions highin lung, spleenandintestine.
Influenzavirusesmay exploit theseadaptationso preferentiallyreplicatein duckintestines.
Alternativesplicing eventsareprevalentin lungsof ducksinfectedwith VN1203,andrare
in tissuesf ducksinfectedwith BC500.IAV modifiesAS eventsghroughmanymechanisms
(Thompsoretal.,2019; Thompsoretal., 2020. Somealternativetranscriptamay havespecific
antiviral activity. For example a shortisoform of humannuclearreceptorco-activator7
(NCOAT7)wasinducedby interferonandableto inhibit IAV entrythroughendosomatusion
(Doyleetal.,2018. Theshortisoformof NCOA7 wasalsoidentifiedin VN1203infectedlungs
andspleensandBC500infectedlungs.The presencef this NCOA7 isoformin duckssuggests
it may havea conservedunctionof viral restrictionin vertebratesThe high numberof AS
eventsn VN1203infectedtissuesnaybedueto viral subversiorof hostresponseaswell as
IFN inductionof AS eventsinterestingly whensubjectedo GO analysismanyof the AS
eventsn thelungsof VN1203infectedducksenrichedermsinvolvedwith physiology,rather
thanimmunologicalresponsesAS eventsn spleensf ducksinfectedwith VN1203foundmore
enrichmenin termsassociateavith humoralandinflammatoryresponseslhesedifferences
may bedueto theabundancef eachtranscripttypein eachtissue,astheremay bemore
inflammatorycellsactivatedn the spleenduringaninfection. Humanlung epithelialcells
infectedwith the A/WSN/1933strainof HIN1 alsodemonstratednincreasen AS events
(Thompsoretal., 2020. Thompsorandcolleagueslemonstratethrough siRNA screeninghat
someof the alternativelysplicedgenesalsowereactivelyenhancingviral replication,andthus
knockingthesegenesout reducedviral titre in infectedcells. Of note,someof thesegenesare
alsopresenin our AS analysisin dudk tissuesjncluding: RAB11F1P3PAXBP1 IP6K2 and
TNRC6A Thesegenenly showasAS in lungsof ducksinfectedwith VN1203.As little is
knownaboutAS responseto infectionin birds, futureresearctshouldinvolve both sequencing
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infectedducktissuesat a greaterdepthto capturemore AS eventsandinvestigatingthese
alternateranscriptsn duckcellsto determinewhich aid or restrictlAV replication.

We foundgeneduplicationsuniqueto ducksparticularlyinteresting especiallyif the
mammaliarhomologuehasknownantiviral activity. The poly-ADP-ribosepolymeras€PARP)
family of geness largelyunderstudiedbutis oftenassociateavith DNA repairandtranscription.
We foundmembersof this family upregulatedy bothVN1203andBC500infectionin ducks
(PARP9 PARP1QPARP12andPARP14. Of interest PARP12caninhibit replicationof RNA
viruses(Atasheveetal., 2012. We foundtwo presumearthologsof humanPARP12in ducks
(LOC10180286&NdLOC101796889with theformerbeingnamedPARP12L for this paper).
Theshortergene PARP12L is only significantlyupregulatedn lungsof VN1203infected
ducks,suggestingt mayplay atissuespecificrole in viral inhibition. PARP12wasalso
upregulatedn a previousstudyin bothlungsandileumsof VN1203andBC500infectedGray
mallardducks(Smithetal., 2019. Neitherof thesegenedPARP12or PARP12L) hasyetbeen
characterizedh birds,andit is unknownif eithercanrestrictRNA viral replication.PARP14
appearso beduplicatedn theduck,with two formsof PARP14sharingequalpercentidentities
to humanPARP14(~43%),butonly 52%identity to eachother(datanot shown).PARP14
deletionreducegproinflammatoryresponse murinemacrophage@wataetal., 2016, andin
anotherstudyPARP14deletionwasfoundto reducelFN-b andISG responséCapraraet al.,
2018. BothduckPARP14genesalsohavea predictedRNA bindingdomain,whichis not
presenin thehumanPARP14PARP14.(LOC101789908)s upregulatedy bothBC500and
VN21203infection in ducks,while PARP14.2LOC101798744)s only upregulatedy VN1203
in lungsandspleen®f infectedducks.Membersof the PARPgenefamily appeato be
expandedn the duck, makingtheminterestingcandidategor furtherstudyof proteinswhich
may play lineagespecificrolesin immuneresponseo IAV in theduck.

We postulatehatspecificresponseto thevirus thatlimit damagdrom infectionmayhave
beenselectedn ducks.Notably,lungtissuesn VN1203infectedducksshowdownregulatiorof
someproinflammatorycytokines,ncludinglL-17 andIL-8. In humans]L-17 is elevatedn
patientsvho wereinfectedwith the2009S-OIV HIN1IAV (Li etal.,2012. Mice infectedwith
the2009S-OIV H1N1 hadasignificantincreasean survivalwhentreatedwith ant-IL-17A
monoclonaklntibodiesIn this study,we seealargeincreaseof IL17A expressionn spleendut

notlungsof VN1203infectedducks.Additionally, therewasa significantdecreasé expression
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of this gene especiallyon 2 and3 dpi, in thelungsof theseinfectedducks.This responsenay
helplesserdamagean thelungsfrom infection. We seea similar patternin the proinflammatory
cytokinelL -8, of which duckshavetwo presumearthologougyenes)L8 (LOC101804010and
IL8-L (LOC101803817)Both genesshowstrongupregulationn the spleenparticularlyon 1
dpi. However,in lungsthereis significantdownregulatioron 2 and3 dpi of bothIL8 andIL8-L.
In humans]L8 is secretedy alveolarepithelialcellsinfectedby IAV (Ito etal.,2015. AsIL-8
is a potentneutrophilchemoattractar(Proostetal., 1993;Henkelsetal., 2011;lto etal., 2015,
decreasinghe expressiorof the L8 genein the site of VN1203replicationmayreduce
bystandedamagedo thetissuedrom excessiveneutrophilaccumulationinterestingly the
downregulatiorof IL17A,IL8 andIL8-L in lungsseemdo beuniqueto our experimentHuang
etal. alsoinvestigatedaytokineexpressionn lungsof Shaoxinducksinfectedwith DK/49, a
HPAI H5N1 andGS/65a LPAI H5N1 (Huangetal., 2013. In theseexperimentsiL17A was
upregulatedn thelungsof ducksinfectedwith DK/49 on all threedays,while it was
downregulatedn ducksinfectedwith GS/650n 1 dpi andincreasedn expressioron 2 and3 dpi
(Huanget al., 2013. A similar patternis seenin this datawhencomparinglL8 andIL8-L
expressionThisis likely dueto theviral strainsusedaswell asthedifferencesan breedsof duck.
In our experimentsll ducksinfectedwith VN1203 survived.While Huangetal. do not
specificallymentionsurvivalratesof the ducksused,Songet al. demonstratethat DK/49 killed
all infectedShaoxinduckswith viral titresaslow as10® EIDso (Songetal., 2011). Theyalso
notedthatGS/65did not causeany mortality in infectedducks,yetit spreadsystemicallyin
infectedbirds. Additionally, while ShaoxinducksandPekinducksdid originatefrom the same
lineage theyhavebeenselectivelybredfor eggsor meat(respectivelyandinhabitseparate
cladesn phylogenett analysegFengetal.,2021;Guoetal.,202]). It is alsolikely thatthis
selectivebreedinghasresultedn differencesn immuneresponses.

As theintestinetissueboth permitsBC500to reproduceo hightitres,yet ultimately clears
infection,we lookedat both uniquelyupregulatecanddownregulatedjeneexpressionin
comparisorto othertissueslIn intestinesof BC500ducks,we seeupregulatiorof complement
component£1SandC4Aandstrongdownregulatiorof C3andC5 aswell asthecomplement
reeptorgeneCR1andthe C5receptorCD88 The C3 proteinactsasa point of convergencéo
activatethe classical alternativeandlectin pathwaysof complemengctivation(asreviewedby

Zipfel etal., 2009) Mice with C3andCR1genesknockedoutweredeficientin forminglong

130



termmemoryto IAV (Gonzaleztal., 2008 while C5 activationis associateavith lungdamage
duringlAV infectionin mice (Garciaetal.,2013. ActivatedC5is splitinto C5a,whichis a
potentchemoattractardgf neutrophilg(Priceetal., 2015 andmonocytegNiyonzimaetal.,
2017). Limiting notonly thekey componenbdf the complementascad€C3) butalsoa potent
activatorof inflammatorycell subsetgC5) andtheir receptordikely decreasetheinflammation
in theintestine Similarly, damaganaybe amelioratedby downregulatiorof C3andC5 seenn
lungs,but not spleenspf VN1203infectedducks.

Becausalucksarepermissiveio IAV replicationwhile beingresistanto pathologyfrom
replicatingvirus, we searcheaur datafor geneghatmight assisin increasediral replication.
In arecentreview, ShawandStertzlisted manygeneghatassistedn IAV replicationin
mammaliarhosts(Shawetal., 2018, howevemmanyof thesegeneswverenot differentially
expressedh ducksabovephysiologicallyrelevantthresholdsindeed someof the differentially
expressegeneghatwould allow for increasedntry/endosoméafficking weredownregulated
in bothintestinesof BC500ducksandlungsof VN1203infectedducks.Forexanple, DYNLT2
ACTG2,ACTAL ACTN2andACTC1lwereall downregulatedn lungsof VN1203ducks.Both
actinanddyneinproteinscanaid in endosomatrafficking of IAV duringearly stagesf
infection (Lakadamyalietal., 2003. Severalgenesvhich encodechemattractanproteinswere
specificallydownregulatedn intestinesncluding Leukocytecell-derivedchemotaxin2
(LECT2, achemoattractarfor neutrophilsandmacrophageéYamagoeetal., 1996;Slowik et
al., 2017, CCL26achemoattractarfor eosinophilsandbasophilgKitauraetal., 1999 and
IL15, which hasvariousfunctionsin inflammatoryresponseandpromotingimmunecell
maturationandproliferation(Pereraetal., 2012. We did not takeintestinesamplegrom
VN1203infectedducksbecausehe cloacal swabsof theseduckswerenegative However,
futureresearctandanalysisshouldincludesamplesrom tissueswithout virus presentto further
elucidatewhich DEGsarefrom interferonsandnon-specificinflammatoryresponsesandwhich
arecausedy the presencef replicatingvirus.

Sexdifferencesn immunity haveevolvedin all speciedrom seaurchinsto mammalsand
whereexaminedjnnateandadaptivemmunity is typically greaterin femalesthanmales(Klein
etal., 2016. Our studysampleda mix of maleandfemalePekinducksin bothour controlsand
infectedbirds.We observesomeseparatiorof samplesaccordingto sexin our MDS plot, thusit

is possiblethatsexcontributedo thedifferencesn expressiompatternsseenhoweverthisis
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mostly obscuredy variationin responsédetweergeneticallydiverseindividuals.Dueto our
relatively smallsamplesizeon eachday of infection,we do nothaveenoughmaleandfemale
animalsto comparammuneresponseby sex.Previously we did notfind differencesn viral
load betweemmaleandfemaleducksinfectedwith rgVN1203(FlemingCanepaetal., 2019. In
wild ducks,moststudiesshowmalescarrymorelAV (Ip etal.,2008;Parmleyetal., 2008;
Farnsworthetal., 2012, while oneshowedmorefemaleducksinfected(Runstadleetal., 2007,
andonefounddifferencedn viral load betweermaleandfemaleducksdependingn geographic
location(Pappetal., 2017). In thewild, hostecologycontributedo prevalencef IAV infection
in mallardsincludingdabblingin infectedwater,flock densityandmigration(Olsenetal., 2006.
Ourresultshighlight theincrediblecomplexityof tissueresponseto both highly
pathogeni@andlow pathogenictrainsof IAV. Ducksarewell equippedo controlIAV
replicatian, demonstratetdy the sharedexpressiorof key IAV detectorsandinnateeffectorsin
all tissuesnotablythe RIG-I pathwayandinterferonstimulatedgenesThe earlytiming of this
robustearlyinterferonresponseo VN1203at 1 dpi mayalsobe protective, while peaklSG
responseareseenat 2 dpi for low pathogeni@avianinfluenza.Many genesuniquelyupregulated
haveasyet unknownrolesin the physiologicalchange®r immuneresponseluringinfection,as
thoroughliteraturesearchegail to link thesegenedo inflammatorymodulatorsor viral
restriction.It is suspectedhatrecruitmentof leukocytescontributeso DE of geneshutthe
respondingell typesarenotknown.Ducksalsohavetissuespecificmechanism# placeto
preventdamagendout-of-controlinflammation,includingdownregulatiorof complement
component&£3 andC5. Thedownregulatiorof certainproinflammatorygeneswith the
upregulatiorof otherproinflammatorygenesn the sametissuessuggestshe protectionis from a

dampeningratherthananall-outinhibition of theinflammatoryresponse.

3.5References

Alexander, D.J., Parsons, G., and Manvell, R.J. (1986). Experimental assessment of the
pathogenicity of eight avian influenza A viruses of H5 subtype for chickens, turkeys,
ducks and quailAvian Patholl5(4) 647-662. doi: 10.1080/03079458608436328.

Atasheva, S., Akhrymuk, M., Frolova, E.I., and Frolov, I. (20New PARPgene with aranti-
alphavirusfunction Journal of Virology86(15) 8147. doi: 10.1128/JVI.0073R2.

132



Barber, M.R., Aldridge, J.R., Jr., Wabg R.G., and Magor, K.E. (2010). Association of RIG
with innate immunity of ducks to influenzaroc Natl Acad Sci U S A07(13) 5913
5918. doi: 10.1073/pnas.1001755107.

Barber, M.R.W., Aldridge, J.R., Jr., Flemu@anepa, X., Wang, YD., Webster, RG., and
Magor, K.E. (2013). Identification of avian RiGesponsive genes during influenza
infection.Molecular immunolog¥4(1), 89-97. doi: 10.1016/j.molimm.2012.10.038.

Bazzigher, L., Schwarz, A., and Staeheli, P. (1993). No enhanced influenza sistenee of
murine and avian cells expressing cloned duck Mx pro¥érology 195(1) 100-112.
doi: 10.1006/vir0.1993.1350.

Bingham, J., Green, D.J., Lowther, S., Klippel, J., Burggraaf, S., Anderson, D.E., et al. (2009).
Infection studies with two highlgathogenic avian influenza strains (Vietnamese and
Indonesian) in Pekin duckéifas platyrhynchgswith particular reference to clinical
disease, tissue tropism and viral sheddfagan Pathol38(4), 267-278. doi:
10.1080/03079450903055371.

Blaine, A.H, MiranzoNavarro, D., Campbell, L.K., Aldridge, J.R., Jr., Webster, R.G., and
Magor, K.E. (2015). Duck TRIM2L enhances MAVS signaling and is absent in
chickens and turkey#lol Immunol67(2 Pt B) 607-615. doi:
10.1016/j.molimm.2015.07.011.

Blyth, G.A.,Chan, W.F., Webster, R.G., and Magor, K.E. (20D&)ck interferonrinducible
transmembranprotein 3mediategestriction ofinfluenzaviruses J Virol 90(1), 103-116.
doi: 10.1128/JV1.015935.

Bolger, A.M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for lllumina
sequence dat&ioinformatics30(15) 21142120. doi: 10.1093/bioinformatics/btul70.

Boon, A.C.M., Williams, R.W., Sinasac, D.S., and Webby, R.J. (2014). A newetlig locus
linked to preinflammatory cytokines after virulent HSN1 virus infection in miB&C
Genomicsl5(1) 1017. doi: 10.1186/147216415-1017.

Burggraaf, S., Karpala, A.J., Bingham, J., Lowther, S., Selleck, P., Kimpton, W., et al. (2014).
H5N1 infection causes rapid mortality and high cytokine levels in chickens compared to
ducks.Virus Resl85 23-31. doi: 10.1016/j.virusres.2014.03.012.

Campbell, L.K., and Magor, K.E. (202Matternrecognitionreceptorsignaling andnnate

responses tmfluenza Aviruses in thanallardduck, compared tdwumans anahickens

133



Frontiers in Cellular and Infection Microbiology0(209). doi:
10.3389/fcimb.2020.00209.

Caprara, G., Prosperini, E., Piccolo, V., Sigismondo, G., Melacarne, A., Cuomo, A., et al.
(2018).PARP14 Controls the Nuclear Accumulation of a Subset of TypeillHeNcible
Proteins The Journal of Immunolog®00(7) 2439. doi: 10.4049/jimmunol.1701117.

Cooley, A.J., Van Campen, H., Philpott, M.S., Easterday, B.C., and Hinshaw, V.S. (1989).
Pathologcal lesions in the lungs of ducks infected with influenza A virugesPathol
26(1) 1-5. doi: 10.1177/030098588902600101.

Cornelissen, J.B., Vervelde, L., Post, J., and Rebel, J.M. (2013). Differences in highly
pathogenic avian influenza viral pathogsiseand associated early inflammatory
response in chickens and ducksian Pathol42(4), 347-364. doi:
10.1080/03079457.2013.807325.

Daoust, P.Y., Kibenge, F.S., Fouchier, R.A., van de Bildt, M.W., van Riel, D., and Kuiken, T.
(2011). Replication of low pathogenic avian influenza virus in naturally infected Mallard
ducks (Anas platyrhynchos) causes no morphologic lesionsldl Dis47(2), 401-409.
doi: 10.7589/009(855847.2.401.

Doncheva, N.T., Morris, J.H., Gorodkin, J., and Jensen, L.J. (20¢&scape StringApp:
Networkanalysis andrisualization ofproteomicsdata J Proteome Re%8(2), 623632.
doi: 10.1021/acs.jproteome.8b0@70

Doyle, T., Moncorgé, O., Bonaventure, B., Pollpeter, D., Lussignol, M., Tauziet, M., et al.
(2018). The interferoinducible isoform of NCOA7 inhibits endosomeediated viral
entry.Nat Microbiol 3(12), 13691376. doi: 10.1038/s415631.8-02739.

EvseevD., and Magor, K.E. (2019)nnateimmuneresponses tavian influenzaviruses in
ducks ancthickens Vet Sci6(1), 5-5. doi: 10.3390/vetsci6010005.

Farnsworth, M.L., Miller, R.S., Pedersen, K., Lutman, M.W., Swafford, S.R., Riggs, P.D., et al.
(2012). Environmental and demographic determinants of avian influenza viruses in
waterfowl! across the contiguous United StainS One/(3), €32729. doi:
10.1371/journal.pone.0032729.

Feng, P., Zeng, T., Yang, H., Chen, G., Du, J., Chen, L., et al. (2021). ‘9é4raee
resequencing provides insights into the population structure and domestication signatures
of ducks in eastern ChinBMC Genomic22(1), 401. doi: 10.1186/s1286221-077102.

134



FlemingCanepa, X., Aldridge, J.R., Jr., Canniff, L., Kobewka, M., JaX\\ebster, R.G., et al.
(2019). Duck innate immune responses to high and low pathogenicity H5 avian influenza
viruses.Vet Microbiol228 101-111. doi: 10.1016/j.vetmic.2018.11.018.

FlemingCanepa, X., Brusnyk, C., Aldridge, J.R., Ross, K.L., Moon, D., WBnget al. (2011).
Expression of duck CCL19 and CCL21 and CCRY7 receptor in lymphoid and influenza
infected tissuesMol Immunol48(1516), 19501957. doi:
10.1016/].molimm.2011.05.025.

Forster, R., DavaleMiisslitz, A.C., and Rot, A. (2008). CCR7 andliteands: balancing
immunity and tolerancéNat Rev Immund(5), 362-371. doi: 10.1038/nri2297.

Garcia, C.C., Westebavies, W., Russo, R.C., Tavares, L.P., Rachid, M.A., Akif®, J.C., et
al. (2013).Complement Cctivation duringinfluenza Ainfection inmice contributes to
neutrophilrecruitment andunginjury. PLOS ONEB(5), e64443. doi:
10.1371/journal.pone.0064443.

Gonzalez, S.F., Jayasekera, J.P., and Carroll, M.C. (2008). Complement and natural antibody are
required in the longerm memory response to influenza virMaccine26, 186-193. doi:
https://doi.org/10.1016/j.vaccine.2008.11.057

Guo, X., He, X.X., Cherl., Wang, Z.C., Li, H.F., Wang, J.X., et al. (2021). Revisiting the
evolutionary history of domestic and wild ducks based on genomic anadys#ses
42(1) 43-50. doi: 10.24272/j.issn.20985137.2020.133.

Haider, N., SturrRamirez, K., Khan, S.U., Rahmaw.Z., Sarkar, S., Poh, M.K., et al. (2017).
Unusuallyhigh mortality in waterfowlcaused bynighly pathogenicvianinfluenza
A(H5N1) in Bangladesh. Transboundary and Emerging Disea$dg1), 144-156. doi:
10.1111/tbed.12354.

He, L., Martins, P., Huguen, J., Van, T.N., Manso, T., Galindo, T., et al. (2019). Simple,
sensitive and robust chicken specific sexing assays, compliant with large scale analysis.
PL0S Onel4(3), e0213033. doi: 10.1371/journal.pone.0213033.

Henkels, K.M., Frondorf, K., Gonzalédejia, M.E., Doseff, A.L., and GomeZambronero, J.
(2011). IL-8-induced neutrophil chemotaxis is mediated by Janus kinase 3 (JAEKBY
letters585(1) 159-166. doi: 10.1016/j.febslet.2010.11.031.

135



Huang, Y., Li, Y., Burt, D.W., Chen, H., Zhang, Y., Qian, W., et al. (2013). The duck genome
and transcriptome provide insight into an avian influenza virus reservoir spéates.
Genetd5(7), 776-783. doi: 10.1038/ng.2657.

Ip, H.S., Flint, P.L., Fransogd,C., Dusek, R.J., Derksen, D.V., Gill, R.E., Jr., et al. (2008).
Prevalence of Influenza A viruses in wild migratory birds in Alaska: patterns of variation
in detection at a crossroads of intercontinental flywsy®l J 5, 71. doi: 10.1186/1743
422%5-71.

Ito, Y., Correll, K., Zemans, R.L., Leslie, C.C., Murphy, R.C., and Mason, R.J. (2015). Influenza
induces I1-:8 and GMCSF secretion by human alveolar epithelial cells through HGF/c
Metand TGFU/ E GF R s Angericanljournagof physiology. Lung ceduand
molecular physiolog$08(11) L1178 L1188. doi: 10.1152/ajplung.00290.2014.

lwata, H., Goettsch, C., Sharma, A., Ricchiuto, P., Goh, W.W.B., Halu, A., et al. (2016). PARP9
and PARP14 crossegulate macrophage activation via STAT1 AbBiBosylation.Nature
Communicationg (1), 12849. doi: 10.1038/ncomms12849.

Karpala, A.J., Stewart, C., McKay, J., Lowenthal, J.W., and Bean, A.G. (2011). Characterization
of chicken Mda5 activity: regulation of IFNeta in the absence of RIGunctionality.J
Immunol186(9), 53975405. doi: 10.4049/jimmunol.1003712.

Kim, D., Paggi, J.M., Park, C., Bennett, C., and Salzberg, S.L. (2019).-BGaspld genome
alignment and genotyping with HISAT2 and HISAE&notypeNature Biotechnology
37(8), 907-915. doi: 10.1038/s4158719-0201-4.

Kim, J-K., Negovetich, N.J., Forrest, H.L., and Webster, R.G. (2009). Ducks: the "Trojan
horses" of H5N1 influenzadnfluenza and other respiratory viruse&), 121-128. doi:
10.1111/j.175€2659.2009.00084.x.

Kitaura, M., Suzuki, N., Imai, TTakagi, S., Suzuki, R., Nakajima, T., et al. (1999). Molecular
cloning of a novel human CC chemokine (Eota3)rthat is a functional ligand of CC
chemokine receptor 3.Biol Chen274(39) 2797527980. doi:
10.1074/jbc.274.39.27975.

Klein, S.L., and Flargan, K.L. (2016). Sex differences in immune resporisatire Reviews
Immunologyl6(10) 626-638. doi: 10.1038/nri.2016.90.

Kumar, A., Vijayakumar, P., Gandhale, P.N., Ranaware, P.B., Kumar, H., Kulkarni, D.D., et al.

(2017). Genomavide gene expression fparn underlying differential host response to

136



high or low pathogenic H5N1 avian influenza virus in duéicta Virol61(1), 66-76.
doi: 10.4149/av_2017_01_66.

Lakadamyali, M., Rust, M.J., Babcock, H.P., and Zhuang, X. (2003). Visualizing infection of
individual influenza virusef2roc Natl Acad Sci U S 200(16) 92809285. doi:
10.1073/pnas.0832269100.

Li, C., Yang, P., Sun, Y., Li, T., Wang, C., Wang, Z., et al. (2012L1ltesponse mediates
acute lung injury induced by the 2009 pandemic influenza BN(H virus.Cell research
22(3), 528538. doi: 10.1038/cr.2011.165.

Liao, Y., Smyth, G.K., and Shi, W. (2014eatureCounts: an efficient general purpose program
for assigning sequence reads to genomic featBremformatics30(7), 923-930. doi:
10.1093bioinformatics/btt656.

Liniger, M., Summerfield, A., Zimmer, G., McCullough, K.C., and Ruggli, N. (2012). Chicken
cells sense influenza A virus infection through MDA5 and CARDIF signaling involving
LGP2.J Virol 86(2), 705717. doi: 10.1128/JVI.007421.

Liu, J., and McFadden, G. (2014). SAMD?9 is an innate antiviral host factor with stress response
properties that can be antagonized by poxvirukasgnal of Virology JVI1.0226202214.
doi: 10.1128/3V1.022624.

Magor, K.E., Miranzo Navarro, D., Barber, M,Retkau, K., Flemin@€anepa, X., Blyth, G.A.,
et al. (2013). Defense genes missing from the flight dividd@v. Comp Immuneat1(3),
377-388. doi: 10.1016/.dci.2013.04.010.

Mar, K.B., Rinkenberger, N.R., Boys, I.N., Eitson, J.L., McDougal, M.B., RidwardR.B., et
al. (2018). LY6E mediates an evolutionarily conserved enhancement of virus infection by
targeting a late entry steNature Communication®(1), 3603. doi: 10.1038/s4146718
06000y.

Martin, M. (2011). Cutadapt removes adapter sequenceshiiginthroughput sequencing reads.
EMBnet.journal; Vol 17, No 1: Next Generation Sequencing Data Anatiais
10.14806/ej.17.1.200.

Miranzo-Navarro, D., and Magor, K.E. (2014). Activation of duck RIBy TRIM25 is
independent of anchored ubiquitPLoS On&(1), e86968. doi:
10.1371/journal.pone.0086968.

137



Miyashita, M., Oshiumi, H., Matsumoto, M., and Seya, T. (2011). DDX60, a DEXo/
helicase, is a novel antiviral factor promoting RKike receptormediated signaling.
Molecular and cellular biolog®1(18) 38023819. doi: 10.1128/MCB.013680.

Mohan, T., Deng, L., and Wang,-B. (2017). CCL28 chemokine: An anchoring point brgi
innate and adaptive immunitinternational Immunopharmacolodi, 165-170. doi:
https://doi.org/10.1016/}.intimp.2017.08.012

Niyonzima, N., Freeley, S., Arbore, G., Le Friec, G., Lappegard, K.T., Mollnes, T.E., et al.
(2017). The intracellular C5 sysh is critical to DAMP sensing and cellular responses in
human monocyte§.he Journal of Immunolodgy98(1 Supplementy5.78.

Oliveros, J.C. (2007An interactive tool for comparing lists with Venn's diagraf@sline].
Available: https://bioinfogp.cnb.csic.es/tools/venny/index.hfAdcessed].

Olsen, B., Munster, V.J., Wallensten, A., Waldenstrom, J., Osterhaus, A.D., and Fouchier, R.A.
(2006). Globapatterns of influenza a virus in wild birdScience312(5772) 384-388.
doi: 10.1126/science.1122438.

Oshiumi, H., Miyashita, M., Okamoto, M., Morioka, Y., Okabe, M., Matsumoto, M., et al.
(2015).DDX60isinvolved in RIGI-dependent anthdependendntiviral responses, and
its functionis attenuated byirus-induced EGFRxctivation Cell Rep11(8), 11931207.
doi: 10.1016/j.celrep.2015.04.047.

Papp, Z., Clark, R.G., Parmley, E.J., Leighton, F.A., Waldner, C., and Soos, C. (2017). The
ecology of avian ifluenza viruses in wild dabbling ducks (Anas spp.) in CanddaS
Onel2(5), e0176297. doi: 10.1371/journal.pone.0176297.

Parmley, E.J., Bastien, N., Booth, T.F., Bowes, V., Buck, P.A., Breault, A., et al. (2008). Wild
bird influenza survey, Canada, 20@merg Infect Did4(1), 84-87. doi:
10.3201/eid1401.061562.

Perera, RY., Lichy, J.H., Waldmann, T.A., and Perera, LZX2). The role of interleukith5
in inflammation and immune responses to infection: implications for its therapeutic use.
Microbes and infectiod4(3), 247-261. doi: 10.1016/j.micinf.2011.10.006.

Price, P.J.R., Banki, Z., Scheideler, A., Stoiber, H., &awsr, A., Sutter, G., et al. (2015).
Complementomponent CSecruitsneutrophils in thebsence of C3 duringespiratory
infection withmodified vacciniavirus AnkaraThe Journal of Immunolod}94(3) 1164.
doi: 10.4049/jimmunol.1301410.

138



Proost, P., D&Volf-Peeters, C., Conings, R., Opdenakker, G., Billiau, A., and Van Damme, J.
(1993). Identification of a novel granulocyte chemotactic protein (@fRom human
tumor cells. In vitro and in vivo comparison with natural forms of GR&,dPand IL-8.
TheJournal of Immunolog$50(3) 1000.

Robinson, M.D., McCarthy, D.J., and Smyth, G.K. (2010). edgeR: a Bioconductor package for
differential expression analysis of digital gene expression Baieformatics26(1)
139-140. doi: 10.1093/bioinformatics/btp6l

Rohaim, M.A., Santhakumar, D., Naggar, R.F.E., Igbal, M., Hussein, H.A., and Munir, M.
(2018).Chickensexpressing IFITSameliorateclinical outcome angbathology ofhighly
pathogenicvianinfluenza andrelogenic Newcastldiseaseviruses Front Immunol
9(SEP) 2025. doi: 10.3389/fimmu.2018.02025.

Rong, E., Wang, X., Chen, H., Yang, C., Hu, J., Liu, W., et al. (20A8ecularmechanisms
for theadaptiveswitching between the OAS/RNase L and OASL/RI@athways in
birds andmammals Front Immunol9, 1398. doi: 10.3389/fimmu.2018.01398.

Runstadler, J.A., Happ, G.M., Slemons, R.D., Sheng, Z.M., Gundlach, N., Petrula, M., et al.
(2007). Using RRIPCR analysis and virus isolation to determine the prevalence of avian
influenza virus infections in duckd Minto Flats State Game Refuge, Alaska, during
August 2005Arch Virol 152(10) 190211910. doi: 10.1007/s007687-09941..

Saito, L.B., DiazSatizabal, L., Evseev, D., Flemiiganepa, X., Mao, S., Webster, R.G., et al.
(2018). IFN and cytokine respongasiucks to genetically similar HSN1 influenza A
viruses of varying pathogenicity.Gen Virol99(4), 464-474. doi: 10.1099/jgv.0.001015.

Salomon, R., Franks, J., Govorkova, E.A., llyushina, N.A., Yed,.HHulsePost, D.J., et al.
(2006). The polymerascomplex genes contribute to the high virulence of the human
H5N1 influenza virus isolate A/Vietham/1203/0¢he Journal of experimental medicine
203(3) 689-697. doi: 10.1084/jem.20051938.

Santhakumar, D., Rohaim, M., Hussein, H.A., Hawes, P., Ferkeirg,Behboudi, S., et al.
(2018).Chickeninterferorinducedprotein withtetratricopeptideepeats @ntagonizes
replication of RNAviruses Sci ReB(1), 6794. doi: 10.1038/s4159818-24905y.

Shannon, P., Markiel, A., Ozier, O., Baliga, N.S., Wang, J.T., Ramage, D., et al. (2003).
CytoscapeA software environment for integrated models of biomolecular interaction
networks.Genome Re$3(11) 24982504. doi: 10.1101/gr.1239303.

139



Shaw, M.L., and trtz, S. (2018)Role ofhostgenes innfluenzavirusreplication Curr Top
Microbiol Immunol419, 151-189. doi: 10.1007/82_2017_30.

Shi, W., and Gao, G.F. (2021). Emerging H5N8 avian influenza vir8sesmnce372(6544) 784.
doi: 10.1126/science.abg630

Slowik, V., and Apte, U. (2017).eukocytecell-derivedchemotaxin2: It'srole in
pathophysiology anéuture inclinical medicine Clinical and translational scienc&0(4),
249-259. doi: 10.1111/cts.124609.

Smith, J., Smith, N., Yu, L., Paton, |.R., Guska, M.W., Forrest, H.L., et al. (2015). A
comparative analysis of host responses to avian influenza infection in ducks and chickens
highlights a role for the interfereinduced transmembrane proteins in viral resistance.
BMC Genomic46(1) 574. doi: 101186/s1286491517788.

Song, J., Feng, H., Xu, J., Zhao, D., Shi, J., Li, Y., et al. (2011). The PA protein directly
contributes to the virulence of H5N1 avian influenza viruses in domestic ducksl
85(5), 2180:2188. doi: 10.1128/jvi.019750.

Stum-Ramirez, K.M., Ellis, T., Bousfield, B., Bissett, L., Dyrting, K., Rehg, J.E., et al. (2004).
Reemerging H5N1 influenza viruses in Hong Kong in 2002 are highly pathogenic to
ducks.Journal of virology78(9), 48924901. doi: 10.1128/jvi.78.9.4894901.204@.

Sun, L., Dong, S., Ge, Y., Fonseca, J.P., Robinson, Z.T., Mysore, K.S., et al. 2¥Ean: An
interactive andntegratedveb-basedvisualizationtool for comparinggenelists.

Frontiers in Genetic40(421). doi: 10.3389/fgene.2019.00421.

Taubenberger, J.K., and Kash, J.C. (2010). Influenza virus evolution, host adaptation, and
pandemic formatiorCell host & microbé€7(6), 440-451. doi:
10.1016/j.chom.2010.05.009.

Thompson, M.G., Dittmar, M., MalloryM.J., Bhat, P., Ferretti, M.B., Fontoura, B.M., et al.
(2020). Viratinduced alternative splicing of host genes promotes influenza replication.
eLife9, e55500. doi: 10.7554/eLife.55500.

Thompson, M.G., and Lynch, K.W. (201%unctional ananechanistianterplay ofhost and
viral aternativesplicing regulation duringnfluenzainfection Cold Spring Harb Symp
Quant Biol84, 123-131. doi: 10.1101/sgb.2019.84.039040.

140



Thompson, M.G., MuiieMoreno, R., Bhat, P., Roytenberg, R., Lindberg, J., Gazzara, dt.R.,
al. (2018). Ceregulatory activity of hnRNP K and NP in influenza and human
MRNA splicing.Nature Communicatior@(1), 2407. doi: 10.1038/s4146Y18-047794.

Vanderven, H.A., Petkau, K., Rydean, K.E., Aldridge, J.R., Jr., Webster, R.G., and Magor,
K.E. (2012). Avian influenza rapidly induces antiviral genes in duck lung and intestine.
Mol Immunol51(3-4), 316-324. doi: 10.1016/j.molimm.2012.03.034.

Vidana, B, Dolz, R., Busquets, N., Ramis, A., Sanchez, R., Rivas, R., et al. (2018).
Transmission and immunopathology of the avian influenza virus A/Anhui/1/2013
(H7N9) human isolate in three commonly commercialized avian sp&ciesoses
Public Health65(3), 312-321. doi: 10.1111/zph.12393.

Vu, H.T., Hong, Y., Truong, A.D., Lee, J., Lee, S., SongDK.et al. (2021). Cytokinreytokine
receptor interactions in the highly pathogenic avian influenza H5N1-wvifested lungs
of genetically disparate Ri chickendis.AsianAustralas J Anim S¢l(0), 0-0. doi:
10.5713/ab.21.0163.

Wang, J., Vasaikar, S., Shi, Z., Greer, M., and Zhang, B. (2017). WebGestalt 2017: a more
comprehensive, powerful, flexible and interactive gene set enrichment analysis toolkit.
Nucleic Acds Researcd5(W1), W130-W137. doi: 10.1093/nar/gkx356.

Webster, R.G., Bean, W.J., Gorman, O.T., Chambers, T.M., and Kawaoka, Y. (1992). Evolution
and ecology of influenza A virusdglicrobiol Rev56(1), 152-179.

Webster, R.G., Yakhno, M., Hinshaw, V.S., Bean, W.J., and Murti, K.G. (1978). Intestinal
influenza: replication and characterization of influenza viruses in dvakdogy 84(2),
268278. doi: 10.1016/0048822(78)902477 .

Wu, X., Liu, K., Jia, R., Pan,.YWang, M., Chen, S., et al. (2020). Duck IFIT5 differentially
regulates Tembusu virus replication and inhibits viriggered innate immune response.
Cytokinel33 155161. doi: 10.1016/j.cyt0.2020.155161.

Xiang, C., Huang, M., Xiong, T., Rong, F., Li, lLiu, D.X., et al. (2020).Transcriptomic
analysis andunctionalcharacterizatiomeveal theduck interferonregulatoryfactor 1 as
animportantrestrictionfactor in thereplication of Tembusuirus. Front Microbiol 11,

2069. doi: 10.3389/fmich.202@069.
Yamagoe, S., Yamakawa, Y., Matsuo, Y., Minowada, J., Mizuno, S., and Suzuki, K. (1996).

Purification and primary amino acid sequence of a novel neutrophil chemotactic factor

141



LECT2.Immunology Letter§2(1), 9-13. doi:https://doi.org/10.1016/0165
2478(96)025722.

Zhang, B., Liu, X., Chen, W., and Chen, L. (2013). IFIT5 potentiatessaatiresponse through
enhancing innate immune signaling pathwaysda Biochim Biophys Sin (Shanghai)
45(10) 867-874. doi: 10.1093/abbs/gmt088.

Zhou, X., Michal, J.J.Zhang, L., Ding, B., Lunney, J.K., Liu, B., et al. (2013). Interferon
induced IFIT family genes in host antiviral defensg.J Biol Sci9(2), 200-208. doi:
10.7150/ijbs.5613.

Zipfel, P.F., and Skerka, C. (2009). Complement regulators and inhibitdagins.dature
Reviews Immunolod3(10), 729-740. doi: 10.1038/nri2620.

Table 3.1.Differentially expressedyenesn tissuesfrom ducks infected with VN1203or
BC500.Total DEGsweresortedby falsediscoveryrate(FDR) >0.05.Genesvereconsidered
upregulatedf thelog2FC>1anddownregulatedf thelog2FC<-1.

Total DEGs (FDR < 0.05) Total DEGs (FC >2 and FC <-2) Upregulated (FC >2) Downregulated (FC <-2)

VN1203 - Lung 1 dpi 4204 1804 1063 4
VN1203 - Lung 2 dpi 2808 1235 542 693
VN1203 - Lung 3 dpi 4719 1939 772 1167
VN1203 - Spleen 1 dpi 4894 2738 1054 1684
VN1203 - Spleen 2 dpi 3572 1575 698 877
VN1203 - Spleen 3 dpi 4465 2121 943 1178
BC500 - Lung 1 dpi 53 51 50 1
BC500 - Lung 2 dpi 110 93 82 11
BC500 - Lung 3 dpi 10 10 10 0
BC500 - Spleen 1 dpi 84 75 72 3
BC500 - Spleen 2 dpi 320 217 202 15
BC500 - Spleen 3 dpi 75 65 55 10
BC500 - Intestine 1 dpi 73 64 55 9
BC500 - Intestine 2 dpi 3732 1583 551 1032
BC500 - Intestine 3 dpi 401 187 106 81

Total DEGs were sorted by false discovery rate (FDR) <0.05. Genes were considered upregulated if the log2(FC)>1 and downregulated if the log2(FC)<-1.

Table 3.2.Counts of alternatively spliced (AS) transcripts in tissuesof ducks infected with
VN1203or BC500.Individual exoncountsin VN1203 or BC500infectionwerecomparedo
controls.Alternativesplicing eventswereconsideredignificant(FDR<0.05)whenanalyzed

usingEdgeRdiffSpliceDGEprogram,usingthefi S i m rmetkodl.
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Total AS Genes (Simmes FDR < 0.05)

VN1203 - Lung 1 dpi 456
VN1203 - Lung 2 dpi 50
VN1203 - Lung 3 dpi 267
VN1203 - Spleen 1 dpi 70
VN1203 - Spleen 2 dpi B7
VN1203 - Spleen 3 dpi 106
BC500 - Lung 1 dpi 7
BC500 - Lung 2 dpi 14
BC500 - Lung 3 dpi 7
BC500 - Spleen 1 dpi 14
BC500 - Spleen 2 dpi 15
BC500 - Spleen 3 dpi 21
BC500 - Intestine 1 dpi 7
BC500 - Intestine 2 dpi 37
BC500 - Intestine 3 dpi 9

Individual exon counts in VN1203 or BC500 infection were compared to controls.
Alternative splicing events were considered significant (FDR<0.05) when analyzed using
EdgeR diffSpliceDGE program, using the “Simmes” method.
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Figure 3.1.Multidimensional scaling(MDS) plot of normalized individual RNA-sequencing
experiments.MDS plotsweremadein the EdgeRprogramcomparingthetop 200logFCresults
betweereachsample Individual samplesandtheir relativesimilarity anddifferencesvere
comparediusingdimensionsl and2 (A) anddimensionsl and4 (B). Individual plot pointswere
namedby treatmen{VN, VN1203;BC, BC500andM, Mock), tissue(L, Lung; S, Spleenandl,
intestine)anddpi (1, 2 and3). Ex: Spleenfrom mocktreatedduck1 dpi = MSL1. Individual male

ducksareidentified by a bluedotandfemalesby areddot.
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Figure 3.2 Venn diagrams showingoverlap of geneexpressionon 1, 2 and 3 dpi in VN1203
infected ducks. Differentially expressedenesvereassignedip or downregulatedbasedn
log2(FC)(upregulated>1downregulated<l) andoverlapof DEGswascompareetween
tissueausingDiVenn (A). Overlapof up or downregulatedenepopulationsspecificto each
tissuein ducksinfectedwith VN1203in lung (B) or spleen(C) createdusingVenny2.1.
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Figure 3.3 Geneontology (GO) analysisof commonand uniquely differentially expressed
transcripts betweenVN1203and BC500infected ducks. Differentially expressedenesvere
assignedip or downregulatedbasedn log2(FC)(upregulated>ldownregulated<l) lists and
werearrangedasii s i nbetlveart i s sfuuersitmsupel efieunndi tal uuenogfou n itay u e
i nt e g-orducksifectedwith VN1203,thetop 10 mosthighly enrichedtermsin the GO
biologicalfunctioncategoy weregraphedor upregulatedyenegA) anddownregulatedjenes
(B). For ducksinfectedwith BC500,thetop 10 mosthighly enrichedtermsderivedfrom
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upregulatedyenegC) or downregulatedjenegD) wereidentifiedandenrichmentatio for each

termis graphed.
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