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ABSTRACT

Rotavirus (RV) is a leading cause of diarrhoea in young children. In 2016, roteelaitesd death

was estimated around 128,500, with 258,173,300 episodes of diarrhoea in children below 5 years.
Although extraintestinal rotavirus infection is limited, tlspread of the virus can cause seizures and
pancreatitis. Rotavirus nestructural protein 1 (NSP1) is responsible for viral evasion of the innate
immune system, the first line of defence against invading pathogens. The activated immune system
produces irgrferon (IFNs), a cytokine that drives expression of antiviral effectors, known as IFN
stimulatedgenes (ISGs). The studies reported in this thesis investigate the differences in rotaviral
infection of two human cell lines; the intestinal (C&oand thealveolar basal (A549) epithelial

cells. Our findings confirmed the potential ability of the virus to establish-extratinal infection in

A549 cells. Furthermore, our results showedergulated IFNs and ISGs transcription infRifected

A549 cells, whth was absent in infected Ca2ocells. While NSP1 was known to mediate
degradation of IRF3 to antagonise the host immune response, the differences observed between Caco
2 and A549 cells were not due to IRF3 degradation. This study highlights the dristirsctiptional

profile following virus replication; Cac@ cells infected with replicatiodeficient RV induced
transcription of IFNs and ISGs to a similar extent as infected A549 cells. However, this response was
abrogated only in Cae® cells in the preence of replicatiosompetent RV, suggesting differences

in virus-host interactions that allowed A549 cells to produce IFNs.



ACKNOWLEDGEMENTS

First and foremost, | would like to express my gratitude to my parents for funding my studies. Without
them,l would not have been here, and | would not have been the person | am today. Thank you for
your neverending love, support, prayer and encouragement. To my whole family, thank you for
understanding when | was too busy to call or text, for visiting whealtdamot go back home because

of the mountainous work | have. Thank you for all the advice and the emotional support you have
given me. To my dad who was the first person to preatl my thesis, thank you for spending your
time reading my drafts. This this is specially for you and mum, with hope that this will make both

of you prouder!

To my other half, Amir Safwan, thank you for listening to my rant almost every day, for giving me

the emotional support that | very much needed, for letting me relaaseogany stress to you. Thank

you so much for accompanying, spoiling, and j
that you were willing to listen to my talk about my research over and over and over again, especially

when | know you did nahave any clue on what | was talking about.

| would like to thank my supervisor, Dr. John Taylor for all his support and encouragement. Thank
you for your guidance, advice and feedback. Thank you for giving me the opportunity to carry out a

project in you laboratory.

A special thanks of mine goes to my friends, Dr. Dongni Li, Dr. Anastasiia Artuyants, Dr. (MD) Jia
Zhou and Ms. Ashley Nutsford for their support and n@rating encouragement. The laughter that
webve had duri ng hawrkeptme gaind untl thé dne Eheyt haven made hectic
years more fun and bearable, especially when my motivation was down. To Dongni, thank you for
dragging me to the gym the first year we met, and Anastasiia for joining us down the road. Not to
mentionf or t he ti mes out -gwihgtdtheeat tate,bmovies, and sovtimgev e h «

times definitely increased my optimism and motivation!
| also want to extend my gratitude to Carol Wang for her support. Thank you for the time you have

sacrificed to help me out in the laboratory, for giving me plenty of technical ideas and for training me

to be a responsible lab person



CONTENTS

CHAPTER 1: GENERAL INTRODUCTION oot ettt s e e 1
1.1  THE INNATE IMMUNE RESPONSE TO VIRUS INFECTION  ..oioiiiiiieiieeeei, 2
1.2 PATTERN RECOGNITION MECHANISMS ..o v 2
1.3 DISCOVERY OF INTERFERONS ... e, 6
1.4 INTERFERON-STIMULATED GENES ..o e, 9

1.4.1 Inhibition Of Viral ENtry  oooiiiciiee i .10
1.4.2 Inhibition Of Protein Synthesis  ...coiiiiis e, 11
1.4.3 Inhibition Of Viral EQreSS  oviiiiiiiiiciiieviiie it 12
1.5 ROTAVIRUS ..o e s 15
151  Viral Replicat ion And Pathogenesis .......ccccooviiiiiiiiiiiiiies e 16
1.6 ROTAVIRUS AND THE INNATE IMMUNE RESPONSE ..o, .. 18
1.6.1 Host Cellular FACIOrS oo e i 18
1.6.2 Immune Evasion MEChaniSMS .o e 20
1.7 PROJECT RATIONALE AND HYPOTHESIS ..o i, 23

CHAPTER 2: MATERIALS AND METHODS ..o et 24

2.1 MATERIALS oo e e, 25
2.1.1 Cell CURUIe SOIULIONS oo s . 25
2.1.2 Mammalian Cell LINES oo e . 26
2.1.3 ROTAVITUS o e s 27
214 ChEMICAIS .eeeeee e e e 27
2.15 ANLDIOLICS oo e 28
2.1.6 ENZYMES oot e 28
2.1.7 Primary Antibodies .ot e e 29
2.1.8  Secondary/Labelled Antibodies  ....ooiiiiiiis s 30
2.1.9  Solutions For Immunolabelling ... s 30
2.1.10 SolutionS FOr SDS  ~PAGE ... e 31
2.1.11 Solutions FOor Western BIOt ..o e 31
2.1.12 Solutions For Agarose Gel i 31
2.1.13 Materials FOr PCR ..o s 32



2.1.14 Materials For cDNA Synthesis  .....ccccooiiiiiiiiiiiiiiis e,
2.1.15 Materials For Quantitative PCR (QPCR)  ..iiiiiiiiiiie e
2.1.16  Plasmids .......cccciiiiiiiiiiiiiiiis s e
2.2 METHODS ...oovviviviininniniiniins v e
221 DNACIONING oo s aeeeeeeeeeeee
222 Bacterial CUltUre ..o e s
2.2.3 Mammalian Cell Culture ..o e
2.2.4 Cloning Of Mammalian Cells  .....cooiiiiiiiis
225  Cell TreatmMentS ....ccccovciiiiiiiiiiiiiiiies e eeeeeeaas
2.2.6 ROtavi TUS (RV) cooioiiiiiis s aeeeeeeeeae
2.2.7  Sample Preparation .........ccccccciiiiiiiiiiiis e
2.2.8 DeteCtion  ASSAYS ..cciiiiiiiiiiiiiiiiiiieeeiiiis e e
229 Prot@OMICS ...coovviiiiiiiiiiiiiiiiiiiiiie e e
2.2.10 Statistical AnNalySiS ......cciiiiiiiiiiiiiiis e,
CHAPTER 3: VIPERIN AND RV i et eeee aveaann
3.1 INTRODUCTION ot et eeiies ireeeeiieees
311 VIPerin StrUCIUIE oot ettt aevaaaa
3.1.2 Regulation Of Viperin EXPression ..o e
3.1.3  Mechanisms Of Viral Inhibition ...
3.1.4  Rotavirus And Lipid DropletS ..o
3.2 RESULTS it ettt e
3.2.1  Transfection Of pcDNA3.1 -Myc-Viperin Into Mal04 Cells  ........ccevvveeeee
3.2.2 Establishment Of Tetracycline  -Inducible System For The Expression Of
Viperin In MAL04 Cells oot e
3.2.3 Heat-Inactivated FBS ... e
3.2.4  Transfection Of An Improved Tet -One Induible System In MA104 Cells
3.25 Expression Of Viperin Using Sleeping Beauty Transposon In MA104 Cells
3.2.6  Transfection Of A549 Cells With pcDNA3.1 e s
3.2.7 RV Replication In A549 Cells ..o e
3.2.8 Measuring An Effect Of Viperin In RV Replication ...,

32

32

33

33
33

35

. 36

38

41

41

44

45

47

49

50
51
51

53

53

56

57
57

60

. 63

.. 67

69

73

76

78



3.3 DISCUSSION ..o s e 79

CHAPTER 4: RV INFECTIVITY IN DIFFERENT CELL LINES ..o 84
4.1. INTRODUCTION oiiiiiiiiiiiiiiiiiiiiiiiiiiiies tvvvreeeeee e e e e aeeeees aevvvvniiannns 85
4.1.1. IFN Restriction On Virus Replication  ...coooiiiiiiiiiiiiiis v, 85
4.1.2. RV Evasion From IFN -Mediated Antiviral Activities — ......coooeevviviiiiienneenn. 86
4.2. L R P 89
4.2.1. Rotavirus -Permissive Cell Lines Are Responsive To Exogenous IFN ... 89
4.2.2. IFN-Mediated Restriction On RV Replication  .....cccoooeiiiiiiiiiiiiies i, 91
4.2.3. Inhibition Of SA11 Replication By IFN i v 97
4.2.4. RV-Mediated IFN Response In Hum  an Epithelial Cells ..............cccounneen. 99
4.2.5. IFNs Response Translates To ISGs Production In RV -Infected Cells ..... 101
4.2.6. NSP1Is Expressed InInfected Cells .. e 104
4.2.7. RV Results In Reduced IRF3 EXPression  ...ccccoevviieiiiiiiiiiiiieeees evvvviinns 106
4.2.8. IRF3 Restoration With MG132 Treatment .....ccccoviiviiiiiiiiiies 107
4.2.9. MG132 Treatment Affects IFN Transcription In Infected A549 And Caco -2
Cels 112
4.2.10. ISGs Production With MG132 Treatment —  ....viiiiiiiiieee s 114
4.2.11. IFNs Induction By Inactivated Virus .o e, 117
4.2.12. ISGs Induction By Inactivated VIruS .. e 122
4.2.13. Potential NSP1 -Interacting Proteins From A549 And Caco -2 Cells ........ 126
4.3. DISCUSSION oo e rrvereaeaaea 138
CHAPTER 5: GENERAL DISCUSSION AND FUTURE DIRECTIONS ..o 149
5.1 SUMMARY ..o ciiis e e 150
5.1.1 Infectivity Of Simian And Rhesus RV In Lung Cells ...l 150
5.1.2 Differences In Immune Response Elicited Against RV Infection ... 152
5.2 FUTUREDIRECTIONS ..o i aeeeens 154
REFERENCES....... oot ettt v a e e s e e e aaaaaens 157
Y o o N 0P .. 176
A.1  Primer sequences (CloniNg) i e 177
A.2  Primer sequences (QPCR) s e .. 178
A3 Primer effiCienCY ..o e s 180
A4 Plasmid map of pTre -Tight ..o e . 181

Vi



A5
A.6
A7

Plamid map of pTet -One .....ccccooeeevvvviiiieenennn.

Plasmid map of Sleeping Beauty transposon

UV irradiation of psoralen  -treated RV ............

Vii



LIST OF FIGURES

Figure 1. 1: A summary of pattern recognition receptors and signaling cascades

INVOIVEA . ooiiiiiiiiiiiiiiiiiiiiiiiiiiiis vttt e ———————————— aaaaeas 5
Figure 1. 2: IFN signaling in Cells. ..ot e e, 8
Figure 1. 3 :1SGs -mediated inhibition of virus replication e ——————— I
Figure 1. 4 : Schematic representation of the rotavirus virion e ————————— 16
Figure 1. 5: RV inhibition of the host immune response. .o e, 22
Figure 3. 1: Viperin amino acid sequence COMpariSON.  .cccccccviieeneniiiiiiiees eeeeee 52
Figure 3. 2: MA104 cells were transiently tran sfected with pcDNA3.1  -Myc-viperin
PlASIMIT oo e e ——————— aaeaeas 59
Figure 3. 3: pTRE -TIGHT -GFP plasmid was functional in HEK293 cells.  .................. 61
Figure 3. 4: MA104 cells transfected with pTRE -TIGHT - GFP plasmid showed highly
controlled GFP eXPreSSiON.  ..ccccciiiiiiiiiiiiiiiiiiiiiies et e 62
Figure 3. 5: Transfected MA104 cells cultured in 5% FBS and 10% heat -treated FBS
showed better control of the Tet -Oninducible system. ... s 64
Figure 3. 6: Stably  -transfected MA104 cells cultured in 10% heat -treated FBS showed
low levels of Viperin eXpression. s e e 66
Figure 3. 7: Transient transfection of MA104 and 293T cells with Tet -One inducible
system showed tight regulation of gene expression. i e, 68

Figure 3. 8 HelLa cells transfected with Sleeping Beauty transposon expressed viperin
only in the presence of doOXyCYCliNE. oo iiie e .70

Figure 3. 9: Transfected MA104 cells showed lack of GFP expression carried by

Sleeping Beauty transposon while transfected 293T cells show ed otherwise. ........... 73
Figure 3. 10: Transient expression of human and mouse viperin in A549 cells. ... 75
Figure 3. 11: RV replication kinetics in MA104, Caco -2and A549 cells. ..., 77
Figure 3. 12: Viperin over ~ -expression had no effect on SA11 replication. ................ 79
Figure 4. 1: IFN treatment up -regulated ISGs transcription in RV -permissive cell lines.

.................................................................................................................. 90

0.05. i s e aaraeeeee 93



Figure 4. 3: Exogenous IFN restricts RRV replication in mammalian cell lines at MOI of

L s s e eeeaeee 96
Figure 4. 4: IFN treatment significantly inhibits SA11 replication.  ....nnnn. 98
Figure 4. 5: A549 cells transcribe IFNs in response to infection. ... 101
Figure 4. 6: IFNs response translates to ISGs production.  .....iiiiiiieeeeen, .. 104
Figure 4. 7: SA11 -infected cells express NSP1 as early as 6hpi.  ....ccooooiiiiiiiinnnnnnn. 105
Figure 4. 8: RV infection degrades IRF K 107
Figure 4. 9: MG132 treatment partially restores levels of IRF3 in RRV -infected cells.

................................................................................................................ 109

Figure 4. 10: SA11 -mediated IRF3 degradation was inhibited in the presence of

MG132in CaCO -2 CElIS. it i e 111
Figure 4. 11: MG132 treatment affects IFN transcription in infected cells ~ .............. 113
Figure 4. 12: MG132 treatment does not increase ISGs mRNA expression in Caco -2
CRIIS e e arraeaee 116
Figure 4. 13: Psoralen/UV trea tment of RV renders the virus replication -incompetent
................................................................................................................ 118
Figure 4. 14: Infection with UV -inactivated RV resulted in robust 1L28 and IL29
TrANSCHPLION  coviiiiiiiiiiiiiiis eevreeee e e e e e e e ees eeeeeeeeeee i ——————————— 121
Figure 4. 15: Infection with UV -inactivated RV results in robust ISGs up -regulation 125
Figure 4. 16: Proportion of proteins interacting with HaloTag -NSP1 from mammalian
CIIS ot e e 135
Figure 4. 17: A representation of the proportion of common and uniquely up -regulated
NSP1L1-interacting ProteiNS ..ot i e 136
Figure A: A plasmid map of the pTre  -Tight vector encoding for viperin ~ ................. 181
Figure B: Plasmid map of the pTet -One vector encoding for viperin ... 182
Figure C: Vector map of the Sleeping Beauty transposon encoding for viperin ... 183
Figure D: The effect of various duration of UV exposure for the inactivation of RV .. 184



List of Tables

Table 4. 1: Proteins identificed by LC -MS/MS in HaloTag -transfected cells. ........... 134
Table 4. 2: Potential NSP1  -interacting proteins unique to each cell type —  ............... 137
Table A: Primers for cloning of viperin into pTet -One and Sleeping Beauty plasmids 177
Table B: Primer sequences for ISGs, IFNs and NSP1 ... e, 179
Table C: Primer efficiencies for QPCR ..ot i, 180



ABBREVIATIONS

APS Ammonium persulphate

BCA Bicinchoninic acid assay

BFP Blue fluorescent protein

BSA Bovine serum albumin

cDNA Complementary DNA

CO2 Carbon dioxide

CPE Cytopathic effect

CSFV Classical swine fever virus

Ct Threshold value

DC Dendritic cells

DENV Dengue virus

DLP Double layered particle

DMEM Dul beccods modified Eagl e Medi
DMSO Dimethyl sulphoxide

DNA Deoxyribonucleic acid

dNTP Deoxynucleotide

dsRNA Double stranded ribonucleic acid
EDTA Ethylenediaminetetraacetic acid
FBS Foetal bovine serum

FFA Focus forming assay

FFU Focus forming unit

FPPS Farnesyl pyrophosphate synthase
GFP Green fluorescent protein

GOl Gene ofinterest

HCV Hepatitis C virus

HCMV Human cytomegalovirus

HIV Human immunodeficiency virus
Hpi Hours postinfection

HRP Horseradish peroxidase

IAV Influenza A virus

IEC Intestinal epithelial cell

IFITM IFN-inducible transmembrane protein

IFN Interferon

Xi



IFNAR
IFNGR
19G
IRAK
IRF
ISG
ISGF
ISRE
JAK
LB
LC/MS
LPF
LPS
MDA -5
MIU
MOI
Mx
MyD88
NEMO
NSP
PAMP
PBS
PBST
PCR
PFA
PKR
Polyl:C
PRR
gPCR
RFP
RLR
RNA
RT

RV
SDS

InterferonU r ecept or
Interferono r ecept or
Immunoglobulin G
Interleukinl1-associated receptor kinase
Interferon regulatory factor
Interferonstimulated gene
Interferonstimulated gene factor
Interferonsensitive response element
Janus kinase

Luria broth

Liquid chromatography / mass spectrometry
Lipofectamine

Lipopolysaccharides

Melanoma differentiatiorassociated protein 5
Million international unit

Multiplicity of infection

Myxovirus resistance

Myeloid differentiation primary response
N F a é8sential modulator
Non-structural protein
Pathogerassociated molecular pattern
Phosphatduffered saline
Phosphatduffered saline with TweeB0
Polymerase chain reaction
paraformaldehyde

Protein kinase R
Polyinosinic:polycytidylic acid
Pathogen recognition receptor
Quantitative PCR

Red fluorescent protein

Rig-1-like receptor

Ribonucleic acid

Room temperature

Rotavirus

Sodium dodecyl sulfate

Xii



SDSPAGE Sodium dodecyl sulphate polygelacrylaine gel electrophoresis

SSRNA Single stranded RNA

STAT Signaltransducer and activator

TBS Tris-buffered saline

TBE Tris-borateEDTA

TEMED Tetramethylethylenediamine

TIR Toll/interleukin-1 receptor

TLR Toll-like receptor

TRAF TNF receptofassociated factors

Tyk Tyrosine kinase

Viperin Virus inhibitory protein, endoplasmic reticuluassociated, interferer
inducible

VSV Vesicular stomatitis virus

WT Wildtype

Xiii



CHAPTER 1: GENERAL INTRODUCTION



1.1 THE INNATE IMMUNE RESPONSE TO VIRUS INFECTION

Animalsareconstantlyexposedo microorganismn theenvironmentincludingpathogendnvasion
of pathogengsanoccurthroughmanydifferentroutes butirrespectiveof theroute,the establishment
of infectionactivatesaninflammaory responsén thehost.Inflammationis anadaptivephysiological
responsehatis triggeredby tissueinjury andinfection,to maintainano r g a nhomeungiasiand
to combatinfection [1]. The inducersof inflammationcan be of the endogenousnd exogenous
source.Damagedcells can releaseendogenousiangerassociatednolecular patterns(DAMPS),
whereasexogenousmicrobial causs of inflammation are referred to as pathogerassociated
molecularpatterng PAMPSs)[2]. PAMPsareconservedhemicalcomponent®f pathogenssuchas
lipopolysaccharided_PS) presenin bacerial cell walls, thatcanbe detectedy the receptorof the
innateimmunesystemknownaspathogerrecognitionreceptor{PRRs).Sentinelmicrobiatsensing
macrophagesesidentin peripheraltissuesare often the first to comeinto contactwith a foreign
substanceand are involved in the initial recognitionof infection [1]. Thesecells possessa wide

repertoireof PRRsto induceinflammation,initiating aninnateimmuneresponse

1.2 PATTERN RECOGNITION MECHANISMS

PRRsallow theimmunesystemso distinguishself from nonselfin orderto preventauteimmunity.
Detectionof PAMPsreliesheavily on four families of germline encodedPRRs;toll-like receptors
(TLRs)andC-typelectinreceptorgCLRs)aretwo transmembrangroteinfamilies,whereadRetinoic
acid-inducible gene(RIG)-1-like receptorgRLRs) and nucleotideoligomerisationdomain(NOD)-
like receptor{NLRs) arePRRslocatedin cell cytosol[3]. While NLRs andCLRsaremoresensitive
to thepresencef bacterialandfungalPAMPs,detectiorof viral PAMPsmainly occurthroughTLRs

andRLRs[3].



TLRs werefirst discoveredn Drosophilg andhavebeenconservedhroughoutevolution.Humans
areknownto haveten TLR-encodinggeneg4-6], with TLR3, TLR7, TLR8, and TLR9 locatedin
endosomegFigure 1.1). Other TLRs, including TLR5, TLR10, TLR4 and TLR2 heterodimerised
with either TLR1 or TLR6 are locatedon the cell surface(Figure 1.1) [6]. Different TLRs are
regponsiblefor recognisingdifferent PAMPs.For example,TLR3 recognisesloublestrandedRNA
(dsRNA) [7], whereasTLR7 and TLR8 both detectthe presencef singlestrandedRNA (ssRNA).
The dimerisationof TLR2 with either TLR1 or TLR6 allows the complexto recognisebacterial
lipopolypeptided3, 8]. Binding of a ligand to one of the receptorsresultsin the interactionof a
toll/interleukin-1 receptoTIR) domainwith asignallingadaptomolecule[9]. This signalsmyeloid
differentiation primary response88 (MyD88) to form a signalling complex with interleukin1-
associatedeceptorkinases(IRAKs) and TNF receptorassociatedactors(TRAF) 6 [5, 7, 10-12].
This causesubiquitination of N F a &sentialmodulator (NEMO), subsequentlyieading to the
interactionwith | K Kaddl K Kt@phosphorylaté o BhysactivatingN F @ Rucleartranslocation
of N F adlowstranscriptionof proinflammatorycytokines[13]. Ligandbindingto TLR4 andTLR3
canalsoactivatethe TRIF-dependenpathway.This pathwayrecruitsTBK1, TRAF3 andl K KidJ
phosphorylatdRF3 and IRF7. PhosphorylatedRF3 and IRF7 form homodimersprior to nuclear
translocation,where they interact with interferon (IFN)-stimulatedresponseelement(ISRE) to

activatetranscriptionof IFNs [6, 14-16] (Figure1.1).

Presencef cytoplasmicviral RNA canalsobe sensedy RLRs, suchasmelanomalifferentiation
associategeneb (MDAS) andRIG-1. Whilst RIG-1 detects 6t r i p h 0 sSgRNAJ12,17,18]t e d
andshortdsRNA,MDAS5 is knownto detectiongerdsRNA[19, 20]. Presencef5 6t r i pmas p h a't
PAMP RNA is requiredto activateRIG-I signalling,whereasalterationor completeremovalof the
triphosphategyroup may abrogateor attenuatesignaling[21, 22]. Binding of aPAMP RNA by RLRs

leadsto conformationakchangeof the PRR,allowing the PRRto interactwith an adaptorprotein,

IPS1 alsoknownasMAVS. Thesignallingcascadeactivateds similar to thatof TLR4 andTLR3;



recruitmentand interactionof TBK1, TRAF3 and| K KldAdto the phosphorylatiorof IRF3 and
IRF7,ultimatelyallowing nucleartranslocatiorof homodimerdormed.This allowsthehomodimers

to inducetranscriptionof IFN-I1 andIFN-III (Figurel.1).

CytosolicDNA sensordhavealsobeenrecentlyidentified, with DNA-dependenactivatorof IRFs
(DAI) thefirst to be discovered23, 24]. Binding of DAI to DNA resultsin the activationof IFN-I
throughboth IRF3 and N F @ Bhe importance of DAI was highlightedwhen the absenceof the
receptorin mice resultedin reducedup-regulationof IFN-b productionin mice [25, 26]. This was
followed by the discoveryof STING, an adaptomproteinessentiafor IFN-b inductionby DNA. The
significanceof STING in theinnateimmuneresponsearoseafter STING knock-out micelackedthe

ability to producemmuneresponsagainstDNA viruses[27, 28].



lipopolypeptides LPS
Flagellin ]

oD

OFENONOYENO
(Res|Res] Tiwer [Rer| |

PV Qe ONO S Qo ON

Proinflammatory IFN-1, IEN-H1I
cytokines

nucleus

Figure 1.1: A summary of pattern recognition receptors and signaling cascades involved

TLRs are located on the cell surface and in the endosome, whereas RldRat@ain the cell cytosol. Most

TLRs induce signalling through MyD88 to recruit TRAF6 and IRAKs, consequently leading to the activation,
thus nuclear transl ocation of NFaB to induce trar
and TLR3ca i nteract with TRIF to recruit TBK1, TRAF3
homodimerisation of IRF3 and IRFHomodimers can then be translocated into the nucleus to activate
transcription of IFN. This pathway is also followed by actied RLRs that have interacted with IR&Iso

known as MAVS Image reproduced fro@immer et al., (201529].



1.3 DISCOVERY OF INTERFERONS

IFNs were first discoveredas moleculesthat interferewith influenzavirus replicationin chicken
embryo[30]. Resarchcarriedout sincel957hasestablishedhatinterferonsarecytokinesproduced
in tissuesand cells. The extensiveconservationof the gene encodingfor IFN highlights their
significancefor survival, specifically in combatinginfections. IFNs can be classifiedinto three
distinct groups; IFN-1, IFN-II and IFN-III, dependingon their amino acid sequencesmode of

inductionandthereceptorghroughwhich theysignal.

IFN-II, alsoknownasimmunelFN, consistsof only IFN-2 It bindsto heterodimeridFN-2 receptor
1 (IFNGR1)andIFNGRZ2.IFN-2 is mainly secretedby immunecells thathaveanimportantrole in
adaptivemmunity, andis importantin mediatingprotectionagainstntracellularorganismg31]. Of
predominantnterestin this thesisis IFN-I andIFN-111, alsoknownasantiviral cytokines IFN-I is a
well-studiedandwidely knowninducerof arobustimmuneresponseagainstviral infections.IFN-I
is comprisedof 16 different membersmakingit the largestIFN group. IFN-U comprisingof 13
differentsubtypesandIFN-b arethemgor playersin respondingdo infections[32]. TheseFNs bind
to heterodimericreceptorcomplexesconsistingof IFN-U receptor(IFNAR) 1 and IFNAR2. The
autocrineandparacrinesignallingthroughlFN receptorsallowsit to alertuninfectedoystandecells
to adoptanantiviral statein orderto inhibit the spreadf virus infection[33]. Themostrecentfamily
to bediscovereds IFN-11I, or IFN-a; composeaf four moleculegIFN-a- 1IEN-a 2IFN-a- &nda- %
Although both cytokinesare producedin responseo viral infection the heterodimeriadeceptorsof
IFN-III thatis composedf | L 1 CaRdb L 2 8tttk preferentiallyexpressean epithelial cells

andcertainimmunecells while IFNARs areexpressedbiquitously[34].

Following IFN productionandreleasecirculatingIFNs bind to their respectivereceptorson the cell
surfaceto activatea signalingcascadeActivation of receptorsthrough IFN-binding leadsto the

transphosphorylatioaf two kinasedocatedon the cytoplasmicsideof thereceptorchain,knownas



Jakland Tyk2 (Figure 1.2). This resultsin further phosphorylatiorof conservedyrosineresidues
locatedon the IFN receptorsyecruiting proteinsknown asSTAT [35]. Different STAT dimersare
requiredto activatedifferent pathwaysput the conjointinvolvementof both STAT1 andSTAT2is
required for the antiviral response(Figure 1.2). STAT proteins recruit and interact with IFN
regulatoryfactor (IRF) 9, forming the IFN-stimulatedgenefactor (ISGF) 3 complex.Translocation
of the ISGF3 complexinto the nucleusallows it to interactwith IFN-sensitiveresponseslement
(ISRE)promoterdueto aconservedgequencd TTCNNTTTC. Theoutcomeof theinteractionis the
transcriptionof a family of genesknown as IFN-stimulatedgenes(ISGs) [36]. Alternatively,
homodimerscan bind to gammaactivatedsequencd GAS) to regulateinflammatory responseo
dsDNA [37]. The former pathwayinvolving ISGF3is the mostcommonpathwayinvokedin virus
infection, alsoknown asthe STAT 1-dependenpathway.Whilst IRF9 alonecanbind to DNA, it is
unableto initiate transcriptionwithout STAT proteing[32, 37]. Asopposedo STATL, IRF9 canalso
form a complexwith STAT2 to induce ISG expressionin a STAT1-independentmanner[38].
AlthoughIRF9is themainplayerin IFN-I andIFN-III signaling,it hasalsobeenimplicatedin IFN-

Il signallingto producea synergisticeffect,thusinducingstrongedSG transcription39].

While IFN-I is ableto elicit a rapid potentISGsresponséo infection,the responselicited by IFN-
Il is moredelayedandof lower potency(LAZEAR ET AL., 2019).Thedifferencesn thespeedand
the potencyof the responsesanbe dueto the different affinities for IRFsandN F a; B-N-I relies
predominantlyon IRFswhile IFN-III relieson bothIRFsandN F a ®ith N F a d&tingasa critical

regulatorof IFN-111 [40-42].
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Figure 1.2: IFN signaling in cells.

IFN-I can act in a paracrine or autocrine manner. Binding of the molecule to its heterodimerised receptor leads
to the dimerization and phosphorylation of Tyk2 and Jak1, followed by the phosphorylation of STAT proteins.
Phosphorylated STATs can then formatdérodimers and interact with IRF9 to form ISGF3. ISGF3 can
translocate into the nucleus to initiate an antiviral response. Homodimers formed by phosphorylated STAT1
can also translocate into the nucleus to promote transcription of inflammatory genesrdpraguced from

[43].



1.4 INTERFERON-STIMULATED GENES

IFN signalingleadsto the activationor up-regulationof a groupof genesknownasIFN-stimulated
geneqISGs)thatencodefor morethan 300 different proteins[44, 45]. The rangeof structuraland
functional diversity amongISGsis large and membersof this family are known to play rolesin
various cellular processesncluding cell-to-cell communicationand protection againstinvading
pathogensThe importanceof the ISG family in innatedefencesvashighlightedin an experiment
when mice lacking specific proteinsimportantto mount an antiviral responseresultedin lower
survival rate than wildtype mice [46-48]. SomelSGs, including PRRsand IRFs, have baseline
expressiondut are up-regulatedin the presenceof IFN [37]. Although somelSGs are potentin
inhibiting virus replication,most ISGsareweakeffectorsby themselveswith alow level of antiviral
activity [48-50]. However,eachmembercan act synergisticallyand contributes to establishinga
potentantiviral state[51]. The redundancyin protein function is highly importantto limit virus
evasionmechanismExamplesof ISGsarechemokinesandtheir receptorsproapoptotigroteinsas
well asregulatorsof IFN signaling.Of importancearethe antiviral effectorsof ISGs,which will be

discussedurther.

To establisha productiveinfection,virusesrequirethe ability to completetheir life cycle.Generaly,
this includesbinding to a hostcell, enteringthe targetcell followed by uncoatingof viral particles.
Oncethevirusreleasegts genetiamaterialinto thehostcytoplasmthevirusneedgo produceproteins
in orderto assemblanew viruses.Successfuasembly of the virus progenyallowsiits releaserom
theinfectedcell to infectneighbouringells.In orderto combatinfectionandinhibit virusreplication,
differentantiviral effectorshavetheability to targetandinterferewith differentstepsof the infection

cycle.



1.4.1 Inhibition Of Viral Entry

One of the most extensivelystudied IFN-inducedviral entry inhibitor proteinsis the myxovirus
resistanc€Mx) proteins Humangosses® Mx proteins;VIXA andMxB. MxA hasamoleculammass
of 70-80kDa and belongsto the superfamilyof large GTPased52-54]. The N-terminusGTPase
domainpossesse® h o t stiatoetognizeviral targetg55], andis connectedo the C-terminusstalk
by abundlesignalingelementdomain[54-56]. The C-terminusis responsibldor oligomerizationof

MxA andaidsin MxA-virus interactionthroughthe presencef a disorderedoop 4 (L4) [55, 56].

Differentregionsof L4 arerequiredto interactwith differentviruses[52].

Binding of GTPto MxA inducesaconformationathangeallowing recognitionof aviral target[57].

Thepreciseantiviralmechanisnis poorly understooéindmaydiffer betwesnvirusfamilies,butmost
studiesindicatethat MxA inhibits anearly stepin theviral replicationcycle.MxA cansequestethe
incomingviral genomeby trappingit in late endosome$58] or in the cell cytoplasm[57] (Figure
1.3).Reducedroductionof viral mRNA is acommonfeatureof MxA activity, indicatinga possible

inhibition of virus polymerasectivity [59-61].

With 63%sequencsimilarity to MxA, MxB alsobelonggo the GTPasesuperfamily MxB possesses
low or no antiviral activity againstorthomyxoviruseg$62], but hasonly recentlybeenidentified to
possesanti-HIV activity [62-64]. MxB hasbeenimplicatedin inhibiting nucleartranslocatiorof the
viral reversetranscribedyenomd63], thuspreventingviral integrationinto hostDNA andinhibiting

viral replication(Figurel.3).

Another widely known viral entry inhibitor is IFN-inducible transmembrangIFITM) proteins.
Antiviral IFITMs consistof IFITM1, IFITM2, andIFITM3 [65], with eachmembeiknownto exhibit
inhibitory activity towardsdifferentvirusesdependingon the proteinlocalization[66]. For example,

IFITM3 associatesvith endosomesindis known to inhibit influenzaA virus. Antiviral activity of
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IFITM1 wasfirst discoveredvhenoverexpressionf IFITM1 resultedin inhibited VSV replication
[67]. However theantiviral activity of IFITM3 wasonly discoveredbouta decadeagoasa potential
inhibitor of influenzaA virus replication[68, 69]. Recentlyit hasalsobeenshownthat IFITM1 is
activeagainstHCV aswell asHIV [70, 71]. Researcltarriedout on this proteinfamily hasrevealed
thatlIFITM membersctgenerallyto preventtheincomingvirusesfrom accessinghehostcytoplasm
[65, 72] (Figure 1.3). Overexpressionf IFITM3 wasfoundto causeaccumulatiorof cholesteroin
lateendosome§’3]. Thisfinding aswell astheability of IFITM proteinsto alter physicalproperties
of cellular membranedy affectingits curvatureandfluidity, highlightsa possiblemechanisnmby

which IFITM proteinsinhibit virus entry [74, 75].

1.4.2 Inhibition Of Protein Synthesis

Virusesrely heavily on hostmachineryfor the productionof viral proteinsin orderto establisha
productiveinfection.A groupof ISGs knownto encoddanhibitorsof viral proteinsynthesighe IFIT
family, which is composedf four membersjFIT1, IFIT2, IFIT3, andIFIT5 [76]. Generally these
proteinsarelocalisedin thecell cytoplasmIFIT1 andIFIT3 interactswith mitochondriawhile IFIT2
interactswith bothmitochondrisandmicrotubules[77, 78]. IFIT proteinspossessa tetratricopeptide
repeatthatis importantin mediatingproteinproteininteractiong79]. Theseproteinsare knownto
inhibit virus replicationby abrogatingranslatiorof viral proteing72] (Figurel.3).IFIT1 andIFIT2
havebeenwidely knownto indirectlyinhibit viral translatiorby interactingwith elF3,ahostcomplex
requiredfor initiation of translation80-82]. Anotherdistinctmechanisnof inhibition is the binding
of IFITLtoviral5 6 t r i p RNAsgphpa.This subsequentlyesultsin the sequestrationf viral

RNA by acomplexcomposeaf all IFIT family memberg83].

ISG15 was first discoveredin Sindbis virus and influenza B infection [84, 85]. The protection
conferredby ISG15reliesheavilyonits ISGylationcapability[86]. Whilst ISG15wasfirst foundto

inhibit viral releasg87-91], it waslater discoveredo directly conjugateto viral proteirs to inhibit
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replication[92-94]. ISGylation of a viral protein,suchas|FN-antagonisproteinencodedoy many
viruses rendersthe protein incapableof interfering with the induction of IFNs. ISGylatedviral
proteinscanalsobeincorporatednto newly packagedirions, causingdifficulties in virusreleaseas

well asreducingviral infectivity [95] (Figurel.3).

The signaltransductiorinducedby IFN is knownto inducean antiviral responsen orderto inhibit
virusreplication,However,IFN signalingcanalsoresultin abroadtranslationasuppressionOneof
the IFN-stimulatedproteinsis known asdsRNA-dependet proteinkinase(PKR). PKR possessesa
dsRNA-binding domainthat is able to regulateits activity [96, 97]. Viral infection canleadto
accumulationof dsRNA thatis detectedby PKR. In addition, PKR can also be activatedthrough
interactionwith TLRs, suchasTLR9 andTLR3 [98-100]. Uponits activation,PKR is ableto inhibit
generatranslationjncludingthatof viral translation,via the phosphorylatiorof eukaryotidnitiation
factor 2 (el~2a) [101-103]. PKR is also capableof controlling IFN productionand signaling by
modulatingthe function of STATs,wherecellslacking PKR resultedin decreaseghosphorylation
of STAT1[104]. In addition,the presencef PKR is requiredto regulatelFN productionvia NFkB.
Absenceof PKRin MEFsresultedn impairedNFkB activation,andthus,|FN production[105]. This
highlightsthe ability of IFNs to regulatethe expressiorof proteins,suchas PKRs,that canfurther

enhancehe proteinregulationin orderto induceanantiviral responsen hostcells.

1.4.3 Inhibition Of Viral Egress

SeveralSGs,includingviperinandtetherin,areknownto inhibit viral egresg37] (Figurel.3).Virus
I nhibitory Protein, EndoplasmidReticulumassociatedN terferorinducible,alsoknownasviperin,
is a42kDaproteinfirst detectedn studiesinvolving inhibition of humancytomegalovirugHCMV)
replication It possesseanN-terminuswith variablelengthandsequencegswell asconserveaentral
andC-terminal domaing[106, 107]. The N-terminuscontainsan amphipathicalphahelix that binds

viperinto lipid dropletsandthe cytosolicsurfaceof the cell endoplasmiceticulum(ER) [107-109].
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Interaction of viperin with farnesyl pyrophosphatesynthase (FPPS),an enzyme essentialfor
isoprenoidbiosynthesisndassemblyof lipid rafts,disruptslipid microdomainsandincreasesateral
mobility of membraneproteins[109]. The localisationof viperin to the ER allows the proteinto
inhibit secretiorof solubleproteinswhile interferingwith trafficking of viral component$106, 107,
110]. Unlike MxA that mostly inhibits virus entry, viperin canblock virus replicationat both early
andlatestage®f thereplicationcycle;throughinhibition of virus morphogenesigl11] or atthepoint

of viral egressasprogenyvirions budfrom thecell [112].

The antiviral activity of tetherinwashighlightedwhenthe egressof HIV -1 from infectedhostcells
wasinhibited[113]. Tetherinis localizedon the plasmamembranendendocyticcompartmentsvith
the ability to mediatemembranecurvature[114, 115]. Tetherin effectively inhibits a numberof
different viral families, including paramyxovirusesnd filoviruses [116] by anchoringthe virus
progenyto hostmembrang113]. This proteinalsoresultsin the accumulatiorof endocytosedirus
in endosomatompartment$l117]. IFN-I-indegpendeninductionof the proteinhighlightsits role as

an intrinsic hostdefenceeffector[118,119].
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Figure 1. 3: ISGs-mediated inhibition of virus replication.

A typical virus life cycleinvolvesattachingto targetcell, enteringthe cell andreleasingviral genomegither
in cell cytoplasmor in the nucleusin the caseof DNA virus. Transcriptionfrom the viral genomeallows
replicationandtranslationto occur.Assemblyof viral proteinsandviral genomdeadsto the packagingf the
progenyvirus thatis thenreleasedrom aninfectedcell. ISGs caninterferewith any replicationstepfrom
attachmenthroughto release More than one ISG caninhibit the samestep to ensureefficient inhibition.

Figurereproducedndmodifiedfrom [120].
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1.5 ROTAVIRUS

Rotavirus(RV) is the leadingcauseof viral gastroenteritisn childrenbelow5 yearsold. In the pre-
vaccineera,RV infectioncause®-4 million hospitalisationgachyearglobally, with 600,000deaths
[121, 122]. The level of RV-relateddeathsand hospitalisationsignificantly decreasedollowing
introductionof aprophylacticvaccinein 2006 however jt remainsaproblemin developingcountries
wherevaccineuptakeis limited [123]. In New Zealand,gadroenteritisadmissionsdroppedfrom
83.8%to 16.2%following vaccineintroductionin 2014,with confirmedRV admissiordecliningby

94.6%[124].

RV, a memberof the Reoviridaefamily, is a nonenvelopedcosahedralirus possessind.1 gene
segment®f dsRNAIn a triple-layeredcapsid(Figure1.4). Eachgenesegmentncodedor a single
protein,with the exceptionof onesegmenthatencodedor two proteinsin a+1 frame.This allows
the virus to encodefor six structuralproteins(VP1-VP4, VP6, and VP7) and six non-structural
proteins (NSPENSP6) [125]. The innermostlayer of the triple layeredcapsid formed by VP2
surroundgheviral genomeanRNA-dependenRNA polymeras€VP1)andacappingenzymgVP3)
[126]. The major structuralprotein VP6 that bearsgroupspecificantigenicdeterminantsformsthe
intermediatecapsidlayer[121, 126] Lastly, the outermostiayeris formedby two surfaceproteins;
VP4 andVP7.VP7 formsa continuousperforatedshellwhereas/P4 forms spikelike structureson

VP7[126] (Figurel.4).

RV canbe classifiedinto sevendifferentgroups(groupA throughto group G), distinguishabley
VP6 antigenicity[121,127]. Of all groups,groupA remainsasthe majorcauseof RV gastroenteritis
in childrenworldwide.RYV strainsin groupA canbefurtherclassifiedinto differentserotypesbased
onviral VP4andVP7[121]. GlycosylatedVP7 contributegshe G-serotypalistinctions whereas/P4,

a proteasecleaved protein, determinesP-serotypes[121]. The classificationsof the different
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serotypesare dependenton its antigenicity that can differ betweenstrains[126]. The various

classificationof RV highlightsthe geneticdiversity thatexistsamonginfectiousRV.

Figure 1.4: Schematic representation of the otavirus virion.

A matureRV virion is composedf threedifferent layerssurroundingll genesegmentsRNA-dependent
RNA polymeras€VP1) andviral cappingenzyme(VP3). Theinnermostayer,composef VP2 (white), is
suroundedby themiddle layerthatis composedf VP6 (teal). The outermostayeris composeaf two viral
proteins;VP4 that forms a spikelike structureon a continuousshell composedf VP7. Imagereproduced
from EsonaandGautam(2015)[128].

1.5.1 Viral Replication And Pathogenesis

Thenonenvelopedstructureof RV renderdt highly resistanto environmentatonditions,with the
ability to surviveon humanhandsup to four hoursandon dry surfacedor morethantendays[121,
129]. Transmissiorof thevirus occursthroughthefaecaloralroute[121, 130], by directcontactwith

an infectiousvirus or throughcontaminatedood andwater[121]. Its durability and transmission,
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