o

UNSW

SYDNEY

Gastrointestinal viruses and beyond: antiviral development
and molecular epidemiology

Author:
Yan, Grace

Publication Date:
2023

DOI:
https://doi.org/10.26190/unsworks/24782

License:
https://creativecommons.org/licenses/by/4.0/
Link to license to see what you are allowed to do with this resource.

Downloaded from http://hdl.handle.net/1959.4/101075 in https://
unsworks.unsw.edu.au on 2024-05-04


http://dx.doi.org/https://doi.org/10.26190/unsworks/24782
https://creativecommons.org/licenses/by/4.0/
http://hdl.handle.net/1959.4/101075
https://unsworks.unsw.edu.au
https://unsworks.unsw.edu.au

Gastrointestinal viruses and beyond:
antiviral development and molecular
epidemiology

Grace Jia Huan Yan

A thesis in fulfilment of the requirements for the degree of

Doctor of Philosophy (Virology)

School of Biotechnology and Biomolecular Sciences
Faculty of Science

The University of New South Wales

June 2022



ORIGINALITY STATEMENT

o | hereby declare that this submission is my own work and to the best of my knowledge it contains
no materials previously published or written by another person, or substantial proportions of material
which have been accepted for the award of any other degree or diploma at UNSW or any other
educational institution, except where due acknowledgement is made in the thesis. Any contribution
made to the research by others, with whom | have worked at UNSW or elsewhere, is explicitly
acknowledged in the thesis. | also declare that the intellectual content of this thesis is the product of
my own work, except to the extent that assistance from others in the project's design and conception
or in style, presentation and linguistic expression is acknowledged.

COPYRIGHT STATEMENT

& | hereby grant the University of New South Wales or its agents a non-exclusive licence to archive
and to make available (including to members of the public) my thesis or disseriation in whole or part
in the University libraries in all forms of media, now or here after known. | acknowledge that | retain
all intellectual property rights which subsist in my thesis or dissertation, such as copyright and patent
rights, subject to applicable law. | also retain the right to use all or part of my thesis or dissertation in
future works (such as articles or books).

For any substantial portions of copyright material used in this thesis, written permission for use has
been obtained, or the copyright material is removed from the final public version of the thesis.

AUTHENTICITY STATEMENT

& | certify that the Library depasit digital copy is a direct equivalent of the final officially approved
version of my thesis.

UNSW is suppertive of candidates publishing their research results during their candidature as detailed in
the UNSW Thesis Examination Procedure.

Publications can be used in the candidate's thesis in lieu of a Chapter provided:

= The candidate contributed greater than 50% of the content in the publication and are the "primary
author”, i.e. they were responsible primarily for the planning, execution and preparation of the work
for publication.

= The candidate has obtained approval to include the publication in their thesis in lieu of a Chapter
from their Supervisor and Postgraduate Coordinator.

= The publication is not subject to any obligations or contractual agreements with a third party that
would constrain its inclusion in the thesis.

& The candidate has declared that their thesis contains no publications, either published or
submitted for publication.

Candidate's Declaration

| declare that | have complied with the Thesis Examination Procedure.



Table of Contents

F AN o A [ T TSP U PO URR PSP vii
ACKNOWIEAGEMENTS.......eeiiiiiiie ettt e e e e e e e e e e s s ettt e e e e e e e e esaststeseeeeeessnsrssaeeaaeaaans viii
Publications during candidature .........ccuiieieiiie i e e s e e e areee e ix
[ o B T ={ UL PSR 11
LIST OF TABIES ettt et e s e e sab e e sb e e e ne e e sareesneeesanes 12
LiSt Of ADDIEVIATIONS . ..eeeeiieiiie et st st esbe e e sne e e s e e nee e sanes 13
1 General Introduction 13 ANEIVIFalS......cooeeiiiiieieeeee e 14
1.1 So many viruses, Not eNoUgh treatMeENtS.......ccveieiciiiie it 14
1.2 The difficulty with targeting viruses — emerging, re-emerging, and endemic............ 14
1.3 A brief history of antiviral treatments .......ccccev i 17
13.1 Host targeted antivirals.........ccueeiiiiiiiiiciiee e 17
1.3.2 Direct-acting antiviralS .......coccuiee i e e 18
1.3.3 Targeting the RNA-dependent RNA polymerase .......ccceeeecvieeeeciieeeecciveeeeenen, 19

1.4 Are broad-spectrum NNIS POSSIDIE? ......ccocuiiiiiiiiiie e 22
1.5 Current strategies in drug diSCOVEIY .....ciiviiiiiiiiiii ettt e s sree e 23
1.6 Computational drug diSCOVEIY ......iiiiiiiiiiiiie ettt srrre e ssabee e e eaes 26
1.6.1 Ligand-based drug deSigN .........ccoociiiiiiiiiiee e 26
1.6.2 Structure-based drug deSiBN.........ceeiciiiie i e 26

2 General introduction Il: Molecular epidemiology.......cccceviiviieiiiriiiee et 28
2.1 ACULE BASTIOBNTETITIS ..ueeiiieiieiiieeiieeeee et e e e e s s s sarareeeeeesenas 28
2.2 NOTOVITUS. ..ttt et e e e s et e s s e e e s e nb e e e s e nreeesenneeesesnnanesennnenas 29
2.2.1 Background and NiStOrY ......cccueiei i e 29
2.2.2 Structure and genome 0rganisation .........cccveeeeciieeecciiee e 30
2.23 Classification and NOMENCIAtUre.......cocueiiiiiiiiiieiiee e 32
2.2.4 TrANSIMISSION L.eeiiiiiiie ettt e e e s s e s e e e e snne e e s eeaneeesesanenas 34
2.25 Clinical manifestation and pathogenesis ........ccoveiieiieeiecciiee e 35
2.2.6 Viral replication CYCIE ... e 36
2.2.7 Molecular epidemiology and evolution ...........cceeeciieeeeciiee e 37
2.2.8 Prevention and CONTrOl ........ooiiiiiiiieee e 41

23 AGENOVITUS ..ottt ettt ettt st e s bt e sbee e sb e e s be e e saeeesbeeesaseesareesnenesareeas 42
2.3.1 Background and NiStOrY .....ccccuieiiiiiiie e 42
232 CIASSITICATION oo 43
233 Structure and genome Organisation .......ccocccveeeirciiieiiiieee e 44
234 Clinical manifestation and transSMISSION ........c.ceeciiiiiieiieeeiee e 45



2.3.5 WaterbOrNe HAAV ....eeeeeeeeeeeee et e ettt s e e e e e et e e e eeeanes 46

2.3.6 Prevention and CONTIOl ........ooii i 47
AIMS and OULHNE Of TheSiS.....cueiiiiiee e e e 48
3 Materials and Methods. .........ooiiiiiiiiine e e 50

3.1 General molecular biology Methods...........cooiciiiiiiiiie e 54

3.1.1 Agarose gel eleCtrOPNOrESIS. .. i it 54

3.1.2 Purification of PCR ProduCtS ........ccceeiiiiiieiiiieee ettt 54

3.1.3 SANEET SEQUENCINEG ceeivieiiiiieieiiieieieieeeteeeeeteeeeeeeteeeeeeeeereseteetettereeeesteseseseeeeeeeeeeeeesene 54
4  Development of broad-spectrum non-nucleoside inhibitors for positive-sense RNA viruses
USING iN SIlICO METNOAS. ..viiiiiiiie e e st ee e s s sbee e e e sabee e e esareeas 55

4.1 Y o1y o - Lot A TSP UOTRTOTRRUP 56
4.2 INEFOAUCTION ceeeeiete ettt st st st sme e e e e es 57

4.2.1 The urgent need for antivirals.........ceeecciee i 57

4.2.2 The development of early antivirals ........coovvieviiiier i, 57

4.2.3 Current strategies for antiviral development ........cccocevvciiiiiceccee e 58

4.2.4 Classes of antiviral compounds and their broad-spectrum potential ................ 58

425 AUIMIS ettt b e s h e sa e st s bbb e b e e he e sae e et e et e et e e nheesheesarena 60

43 IMEENOAS ...ttt e st st st st e b e b sae e e eee s 61

43.1 Multiple sequence aligNMENT ......cc.veiiiiiiiii e 61

4.3.2 Preparation of structures and docking .........ccccevvcieiiiriiiei e 61

433 Generation of complex-based pharmacophores and virtual screening ............. 62

434 ViUl SCIEENING ..vvviieeiieie ettt et e e ree e e e e e e e e e e e e eabe e e s enraeeeennreeas 63

4.3.5 Initial antiviral compound selection.........cccoccveieiciiic e 65

4.3.6 Selection of second set of antiviral compounds..........cccceevveiiiiiiieiiiiieeecrieee, 66

4.3.7 Recombinant human norovirus Gll.4 Sydney 2012 RdRp protein expression and

[ YU T} {1r=Y T o SRR 66
4.3.8 Recombinant Zika virus RdRp protein expression and purification.................... 68
4.3.9 Human norovirus Gll.4 RdRp fluorescent transcription activity assay ............... 68

4.3.10 Fluorescent transcription activity assays for measuring calicivirus RdRp

(=T o] [Tor= 1 4 o) o PRSP 69
4.3.11  Zika virus fluorescent RARP acCtiVity @SSay .....cccccveeeeiiieieeiiiieee e 69
4.3.12  Measuring replicon actiVity......coooecciiiieieei e 70
4.3.13 Examining compound inhibition of HAV and HCV G2a replication using a

(=T o] [Tole] o T a oo [ S USSP 71
4.3.14  Examination of compound cytotOXiCity .....cccceveecvieieiiiiee e 72
4.3.15  Searching for similar COMPOUNGS........c..eiiiiiiiiiiiiiiie e 72



5

4.4 ST U TR 74

44.1 Multiple sequence alignmMEeNt ........cooo i 74
4.4.2 Docking of NNIs and JTK-M into calicivirus RdRps: interaction with Arg392 also
IMPOIrtaNt fOr @CHIVITY? ...vviiei e e e e e e 74
4.4.3 Pharmacophore generation and virtual screening using DS...........cccccevveeeeeennn. 78
4.4.4 Pharmacophore generation and virtual screening using LS ...........cccccvvvveeeeennn. 79
44,5 The first set of compounds: compound selection and inhibition of norovirus
200 LY o= Vot 4 1Y/ 1 Y 2SR 81
4.4.6 The second set of compounds: compound selection and inhibition of norovirus
200 1Y o= Vot 4 1Y/ 1 1Y 2SS 84
4.4.7 NCS-013 demonstrates cross-genera inhibition of FCV RARp.......ccccceeevveeeenneen. 89
4.4.8 Can set 1 and 2 compounds inhibit Zika virus RdRp transcription?................... 90
449 NCS-013 inhibits both HAV and HCV replicon replication. ......ccccccoceeevviveeeennnen. 92
4.4.10 Can NCS-013 structural analogues inhibit norovirus and Zika virus RdRp activity?
93
4.4.11 NCS-013A inhibits of HAV replicon replication. ........ccccceeeicieeieicieee e, 96
4.4.12  Potential binding configuration of NCS-013 to Caliciviridae RARp ..........ccuueu.... 97
4.4.13  Invitro examination of NCS-013 binding within Site-B.........ccccccvevivviieiiriinennnn. 99
4.4.14  Summary of virtual SCreening results .........ccccceecieeeeeciee e e e 100
4.5 DISCUSSION. .. eetiiiiiitiii ittt 101
45.1 Virtual screening in an environment lacking prior knowledge..............cc.......... 101

4.5.2 NCS-013 inhibits Caliciviridae, Flaviviridae and Picornaviridae RdRp/replicon

(=T o] [ Tor= 1 4 o] o PSSP SPN 103
453 Does NCS-013 bind wWithin SIte-B? ........coceeieiiieniinieeeeeeeeee e 104
454 Effect of NCS-013 on other mammalian targets......cccocveveveveeeecccieee e 106
4.5.5 Future directions and potential for further development..........ccccceevveeennnne. 107
4.6 CoNCIUAING FE€MAIKS ..veeiiiiiie e s e e s s e e s sbeeeeees 108
Molecular epidemiological surveillance of norovirus in Australia, 2018 to 2020 ............ 109
30 R Y o 1 1 - ot TP PO UTO PRSPPI 110
5.2 INEFOTUCTION ettt st et e s bt e et e e sabe e seneeesareeeas 111
5.3 Materials and Methods........oouiiiiiiiiie e 114
5.3.1 Ethics and collection of clinical samples.......ccceeeciiieicciiee e, 114
5.3.2 Collection of wastewater SAMPIES .......occcciieiiiciiee e 114
5.3.3 Viral concentration, RNA extraction and cDNA synthesis ..........ccccceevcveeeennen. 114
534 MS2 bacteriophage process CoONtrol.......ccceivcviieeiiiiiee i 115
535 Amplification and sequencing of clinical specimens.........c.cccccevvceiiiriieeeinnnnen. 116
5.3.6 Phylogenetic analysis of NOrovirus SEQUENCES.........cceeecvveeeiciieeeeciieeeeciree e 117



5.3.7 Quantification of norovirus RNA levels in wastewater........ccccoeeeivvvieiiivnieeennnnns 117

5.3.8 Capsid genotyping of norovirus in wastewater samples from Sydney and
V=Y o To TUT o L= OO P PP 118
5.3.9 ORF1/2 overlap genotyping of norovirus in wastewater samples from Sydney
T aTo AV =11 o To 10 o o 1= USRS 118
5.3.10  Analysis of wastewater next-generation sequencing data..........cccccccveeeenneennn. 119
5.4 RESUIES 1.ttt ettt st esbe e s bt e e s abe e sbee e sabeesbeeenareesbeeenes 119
5.4.1 Norovirus outbreaks in NSW, AUSTralia .....ccccceeeeeviiiaaaaes 120
5.4.2 Institutional gastroenteritis outbreaks reported in NSW, Australia................. 121

543 Institutional gastroenteritis outbreak trends were reflected by the norovirus
[evels deteCted IN SEWAEE ....ccuvvie ittt et e e st e e e st e e e s sntaeeesnaaaeesnnes 122

5.4.4 The increases in AGE outbreak activity in NSW were not caused by the

EMErgeNCE Of NBW SErAiNS ..o iiiieiee et e e e rre e e e e e e e rre e e e e e e e anrraaeeeas 124
5.4.5 Molecular epidemiology of Gll and GIX NOroViruses ........ccccccuveeeeciveeeecineeeenns 127
5.4.6 Molecular epidemiology of GI NOrOVIrUSES.........ccccuveeeeiiieeeciiiee e eciree e 131
5.4.7 Comparison of Gll norovirus partial capsid and ORF1/2 overlap amplicon
SequeNCiNg iN 2018 WaStEWATE . ..ccciiii ettt e e e e e e e e s s eneeeeeeas 132
5.4.8 Norovirus Gll genotype distribution in wastewater samples, 2018-2020........ 134
5.4.9 Diversity of noroviruses genotypes and P-types detected ...........ccceeeeeciveeenns 138
5.5 DISCUSSION....eetiiiiiitiii ittt 139
5.6 (00T ol (Ve [T =4 =10 0 F= 1o &SP 143
Molecular epidemiology of adenovirus-associated gastroenteritis in Australia, 2018 to
2020 ettt ettt e bt e e bt e sh e e e ae e et e bt e b e e b e e beeeheeea et et e ebeenbeenheesnnenas 144
6.1 ABSTIACE ..ttt sttt b e sae e st es 145
6.2 INEFOTUCTION ettt st s sbe e e s e s ne e e 146
6.3 Materials and METhOAS......cocuiiiiiieie e 149
6.3.1 Ethics and clinical specimen collection........cccceeeeiieeiicciee e 149
6.3.2 Collection of wastewater SamMpPlES ........coovciiieiciiiii e 149
6.3.3 Viral concentration and exXtraction .........ccoceeriiiiiiieiieeenieese e 150
6.3.4 Genotyping of clinical SPECIMENS........uiiiiiciiieice e 150
6.3.5 Next generation sequencing of sewage samples........ccccevevvviieeencceeeeecieee e 151
6.3.6 NGS data @NalySiS.....eeeicciiee e e e 151
6.4 RESUIES ..ttt ettt b e she e sa e sttt et e b e b saeeeaneeare e 152
6.4.1 Detection of HAdV infections in clinical faecal specimens .........ccccceeevciveennnnne. 152
6.4.2 Comparison of HAdV types detected using different diagnostic methods....... 152
6.4.3 Genetic diversity of HAdV in clinical Specimens .........cceeecvvveeevciiee e, 153
6.4.4 Seasonality of HAdV-associated gastroenteritis........ccccceeeecveeeeciieeeccciee e, 154



6.4.5 Genetic diversity of HAdV in wastewater in 2018 .........ccccceeeeeeicciiiieeeee e 155

6.4.6 Comparison of genetic diversity in clinical and wastewater samples .............. 157

6.5 DISCUSSION.....etiiiiiitiii ittt e 157
6.6 (00T ool (Vo [T T=d =Yoo F= 1 &SR 161

7 GENEIAl DISCUSSION . ..eeutiiiieiieite ettt ettt sttt sttt ettt st e et e sbeesbeeseeesanenas 163

7.1 Broad-spectrum non-nucleoside inhibitors can be designed; in silico methods can aid
TNEIE AISCOVEIY. .eviiiiiiiiie et e e e e et e e e e ebt e e e s ebteeeseabteeeeesteeeesseneeeanses 164

7.1.1 [ O T=N LT Q=Yoo Y L 166
7.2 Molecular epidemiological surveillance of norovirus in Australia, 2018 to 2020 .... 166
7.2.1 Old norovirus strains have remained in circulation in Australia....................... 166

7.2.2 An interplay in herd immunity may have directed the increases in AGE outbreak

activity observed in childcare CENTIES ........covvcviiei i 170
7.2.3 FULUIE dirBCIONS ..ccueieiiieiieeeee et st 172

7.3 A diverse range of HAdV cause gastroenteritis. .......cccccvvciveeiniiieeniciiee e, 172
7.3.1 FUTUIE dir€CHIONS ...ttt s 174

7.4 FINAL F@MArKS....eeeeeeee ettt s s e s 174

I Vo o YT [« | TR URPPR 176
O REFEIBNCES .ottt ettt sttt e s bt e s at e e st e e bt e e s be e s bae e eabe e e bt e e nareas 180

Vi



Abstract

With over 27 viral families known to infect humans, viral pathogens impose a
significant global public health and economic burden. Despite this, only a small fraction
of human viruses possess antiviral treatments or vaccines. Whilst antiviral
development efforts are crucial to the host-pathogen arms race, so too is the
molecular surveillance of these viruses to identify prevalent and virulent strains for

vaccine development.

This thesis begins, in chapter four, with the development of broad-spectrum
non-nucleoside inhibitor compounds using a complex-based pharmacophore and
virtual screening approach. This virtual screen identified one compound, NCS-013,
which demonstrated broad-spectrum inhibition of the transcriptional activity of human
norovirus and feline calicivirus from the Caliciviridae, Zika virus and hepatitis C virus

from the Flaviviridae and hepatitis A virus from the Picornaviridae.

The second half of the thesis focuses on molecular epidemiology of norovirus
and adenovirus, two of the leading causes of viral gastroenteritis worldwide. In
chapter five, we observed an interesting dynamic of GIl.4 Sydney 2012 [P16] co-
dominance in clinical samples throughout the study period. We also enhanced our
sewage surveillance capabilities through the addition of partial ORF1 sequencing
enabling the identification of recombinant strains. The role of non-group F
adenoviruses in gastroenteritis although often reported, remains an area of
controversy. In chapter six, we analysed sewage to complement clinical samples and
better understand the diversity of adenovirus within the population, including from

healthy individuals.

In summary, this thesis approached the problem of viral pathogens from both
the angle of antiviral development and through understanding of population-level

molecular epidemiology, which can contribute to future vaccine development efforts.
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1 General Introduction I: Antivirals

1.1 So many viruses, not enough treatments

With 189 different families currently recognised by the International Committee
on Taxonomy of Viruses (ICTV), and more than 9,100 viral species, every living
organism is host to their own unique viriome (1). There are at least 27 different viral
families known to infect humans which encompass more than 220 virus species (1-3),
causing a wide spectrum of clinical manifestations ranging from mild stomach and
respiratory ailments (4, 5), to life-threatening conditions such as encephalitis and
haemorrhagic fevers (6, 7). Together, viruses result in millions of deaths each year and
cause debilitating disease in many others. However, approved treatments are only
available for a small fraction of these viruses. These include only some members of the
Hepadnaviridae,  Flaviviridae,  Retroviridae, =~ Pneumoviridae,  Papillomaviridae,
Herpesviridae, Orthomyxoviridae and most recently, the Coronaviridae (8-13). As a
result, there is an urgent need to develop antiviral treatments to target these and

other clinically significant viral families.

1.2 The difficulty with targeting viruses — emerging, re-emerging,

and endemic

Antiviral development is a slow and costly process, made even more challenging
by its limited scalability with respect to different viruses. This is due to several factors
such as the highly diverse nature of viral proteins, differences in host protein utilisation
(14), high rates of evolution and formation of quasispecies (15, 16), and differences in
viral tropism (17). Therefore, unlike bacterial infections which can be treated with a
variety of broad-spectrum antibiotics, no such equivalent exists for viruses.
Additionally, some viruses can establish persistence, thus even when antiviral
treatments are available, full eradication of infection may not be possible, such as in

the case of human immunodeficiency virus (HIV) (18, 19).

The public health challenge presented by viruses is further compounded by the
continual emergence and re-emergence of viral pathogens such as SARS-CoV-1, SARS-

CoV-2 and Ebola virus (Figure 1.1). During each of these outbreaks, the lack of effective
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antiviral treatments has contributed to a significant loss of human life (Figure 1.1).
Using flaviviruses as an example, the threat from endemic viruses has never subsided,
aided by the expanding range and population of arthropod vectors (20). The mosquito-
borne Dengue virus for example, has caused several notable outbreaks of Dengue
fever in Singapore (2005) (21), India (2006) (22) and Pakistan (2006, 2011) as well as an
estimated 50 to 100 million clinical cases each year (23, 24). Japanese encephalitis
virus, which is similarly transmitted by an arthropod vector, causes an estimated
67,900 cases of encephalitis annually across the Asia-Pacific region (25) and has
recently caused a wave of cases in Australia affecting 37 people (as of 28 April 2022)
(26). Of these, 20-30% of patients die and up to 50% of survivors experience long-term
neuropsychiatric impairment (27). Other viruses endemic to tropical regions of the
world, such as yellow fever virus (28), chikungunya virus (29), and West Nile virus (30,

31) also contribute significantly to the global disease burden.
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2002-2003 SARS-CoV-1
- == -> The outbreak was first detected in Guangdong, China in

November 2002. The virus spread to 29 countries and
territories and resulted in 8,096 cases and 774 deaths (32).

The pandemic 2009 H1N1 swine influenza was first
isolated from humans in North America in April 2009 (33)
and went on to cause an estimated 201,200 respiratory
and 83,300 cardiovascular deaths worldwide (34). 2012 MERS-CoV

MERS-CoV was first isolated from a patient in Saudi Arabia

in June 2012 (35). Dromedary camels were later identified
2012 _—— + as the main reservoir (36, 37). The virus caused 2583

confirmed cases, including 889 deaths (38).

(2014-2016 Ebola virus

The first case was recorded in Guinea in December 2013.
On 8 August 2014, the outbreak was declared a public

health emergency (39). By the time the epidemic was <_ — 2013

declared over on 9 June 2016, a total of 28,646 cases and

\11,323 deaths had been recorded (40). ) (2015-2016 Zika virus \
The epidemic was linked to 2639 confirmed cases of
microcephaly in Brazil, with many more cases of congenital

2015 —— —’ Zika infection likely undiagnosed (41). Although the end of
the epidemic was declared in November 2016, the virus

SARS-CoV-2 (COVID-19) krepresents a much longer-term problem. )

The outbreak was first detected in Wuhan, China in
December 2019 (42). The virus was officially declared a ‘- _— m
pandemic on March 11, 2020 (43). As of 9 March 2022,

the virus has caused more than 6.3 million deaths (44).

Figure 1.1. Some notable human viral outbreaks in the 21st century.

A timeline of some prominent outbreaks of emerging and re-emerging viruses that have infected humans.
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1.3 A brief history of antiviral treatments

From the first studies describing viral interference and the serendipitous
discovery of early antivirals, to the gradual acceptance of combination therapies and
the first direct-acting antivirals (DAAs) against hepatitis C virus (HCV), antiviral
development has come a long way over the past 70 years (summarised in Table 1.1).
However, there is still an unmet need for antiviral therapies against both existing and

newly emerging viral pathogens.

Table 1.1. Some major milestones in the history of antiviral treatments.

Year Milestone

1957 The first description of interferon and its inhibition of virus growth (45).

1959 First synthesis of idoxuridine as a potential anticancer drug (46).

1961 Idoxuridine shown to inhibit herpes simplex virus and vaccinia virus (47).

1963 Idoxuridine, approved for the treatment of herpes simplex infections (48).

1972 Development of ribavirin, a broad-acting antiviral therapy (49).

1977 Discovery of acyclovir, a highly selective inhibitor of herpesvirus replication (50).
1980 Synthesis of recombinant interferon (51).

1983 First description of prodrug strategy to increase aqueous solubility (52).

1987 Zidovudine, approved for treatment of AIDS (53).

1989 Famciclovir — proof of oral prodrug strategy (54).

1990 Synthesis of saquinavir — the first successful, rationally designed antiviral (55).
1995 Demonstration of combination therapy to combat HIV drug resistance (56).
2011 Approval of first DAAs for treatment of HCV — boceprevir and telaprevir (57).
2013 Approval of sofosbuvir, the first interferon-free HCV treatment (58).

1.3.1 Host targeted antivirals

Host targeting antivirals (HTAs) are compounds that indirectly inhibit viral
replication through interaction with host factors. This can occur through modulation of
the host immune response or via antagonism of viral entry receptors and other host
factors that play a role in the viral lifecycle (59). Examples of HTAs include maraviroc, a
chemokine receptor type 5 antagonist approved for use against HIV infection (60),
imiquimod, a TLR-7 agonist used topically for treatment of genital warts (61) and
ribavirin (both a host modulator and a guanosine analogue) which was primarily used
for the treatment of HCV (62), but has also been used to varying degrees of success as

a broad-spectrum, last resort treatment against viral haemorrhagic fevers such as
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Crimean-Congo haemorrhagic fever (63, 64), Lassa fever (65) and hantaviruses (66, 67)

and more recently against SARS-CoV-2 (68).

The main advantage of HTAs is their potential for a broad-spectrum of
inhibition use, since host proteins can be utilised by multiple virus families as part of
their replication cycle (69, 70). For example, the serine protease TMPRSS2 is important
for facilitating cell entry for a number of respiratory viruses such as parainfluenza virus
(71), influenza A virus (72) and various coronaviruses (73-75); therefore, compounds
that inhibit the activity of this protein could be beneficial to the treatment of these
respiratory viral infections. Similarly, cleavage sites for the serine protease furin have
been documented in several viral families including the Filoviridae, Coronaviridae,
Retroviridae, Papillomaviridae and Togaviridae, among others (70), and therefore
compounds that target this host protein could also have broad-spectrum antiviral
activity. Additionally, since HTAs do not directly target viral proteins, they possess a
comparatively higher barrier to resistance and are less influenced by genotypic and

quasispecial variation (76, 77).

Disadvantages of HTAs however, may include variation in antiviral activity due
to host genetic polymorphisms altering target binding affinity (78, 79). Furthermore,
since host factors can play crucial and potentially uncharacterised roles in the cell,
navigating potential side-effects can prove challenging. Kinases for example, have been
found to play a role in the entry of a wide variety of viral families including but not
limited to Flaviviridae (80, 81), Poxviridae (82), Herpesviridae (83), Orthomyxoviridae
(84), Coronaviridae (85) and Filoviridae (86). However, their critical roles in the
regulation of many essential cellular functions may limit their feasibility as antiviral
targets. Finally, the presence of a variety of mammalian homologues, and more
complex mechanisms of action can also make the transition between animal and

human trials more complicated.

1.3.2 Direct-acting antivirals

Direct-acting antivirals (DAAs) are compounds that can interfere with various
stages of the viral lifecycle by directly targeting viral proteins. Due to the highly specific

nature of these drugs, there is typically a milder side-effect profile which has direct
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positive impacts on treatment outcomes and drug adherence (87, 88). Viral proteins
that have been successfully targeted using this approach include influenza matrix
protein 2 (89) and neuraminidase (90, 91), cytomegalovirus terminase (92), varicella-
zoster virus helicase-primase (93), HIV integrase (94), HCV NS5A (95), HIV and HCV
proteases (55, 57) as well as numerous viral polymerases (50, 53, 58, 96). There are
also many other viral targets in development and this includes viral kinases (97, 98),
nucleoproteins (99-101), envelope proteins (102-104), methyltransferases (105-107),

as well as various virus-encoded co-factors (108, 109).

One of the major obstacles to DAA design is its lengthy process, and the
development of therapeutics against the aforementioned viral proteins was built upon
decades of research. This is because there must be an understanding of the
fundamental biology of a virus before drug development can commence. This includes,
but is not limited to, the full-length viral genome sequence, development of cell
culture systems for the virus, understanding of the viral life cycle as well as high-quality
models of viral proteins. Therefore, although the DAA approach has led to the
development of many highly effective therapeutics for HCV (110, 111) and HIV (112,

113), it may not be very feasible especially in the case of emerging viruses.

1.3.3 Targeting the RNA-dependent RNA polymerase

Viral polymerases are essential to the viral replication cycle; therefore, they are
attractive targets for antiviral development. Notably, RNA-dependent RNA
polymerases (RdRps), make good targets due to their conservation across RNA viruses
(excluding retroviruses), well-characterised nature (compared to other viral proteins)
and lack of mammalian homologues which decreases the possibility of off-target
effects. RdRps form a structure resembling a closed right hand, consisting of fingers,
palm, and thumb domains (Figure 1.2). There are two classes of antiviral compounds
that interact with RdRps — nucleoside analogues (NAs) which interact within the active

site and non-nucleoside inhibitors (NNIs) which bind allosterically.
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Figure 1.2. Schematic of the human norovirus Gll.4 RdRp.

The human norovirus RdRp structure (PDB-ID: 4LQ9) (114) is depicted showing the fingers
(yellow), palm (blue) and thumb (pink) domains. The location of the NA (active site) and two
NNI (Site-A and Site-B) (114) interaction sites are also indicated. The ribbon diagram was
generated using the Discovery Studio 2017 R2 software suite (Dassault Systémes, BIOVIA
Corp).

1.3.3.1 Nucleoside analogues

NAs mimic the incoming nucleoside triphosphate and inhibit replication by
causing chain termination when incorporated into the growing strand of nucleic acid
by the viral polymerase (50). Another less common mechanism of action for NAs is
through elevating the mutation rate above an error threshold, this is known as lethal
mutagenesis or error catastrophe (115, 116). Since NAs interact within the highly
conserved polymerase catalytic site, they often demonstrate a broader spectrum of
activity (117-120) (Figure 1.2). For this reason, the repurposing of existing NAs is a
common strategy in the search for antivirals against existing and emerging viruses.
Indeed, several approved NA compounds have been repurposed for use against other
viral targets. For example, lamivudine, a cytidine analogue initially approved for use as
an antiretroviral to manage HIV, was later repurposed as a treatment for chronic HBV
infection (96, 121, 122). Similarly, favipiravir, a purine mimetic, which is licensed for
use against influenza infections in Japan, has also been used off-label to treat Ebola
virus (123, 124) and Lassa virus infections (125). Most recently, NAs molnupiravir and
remdesivir which were initially designed to treat influenza (126) and Ebola virus
disease (127), respectively, have received FDA authorisation for use against SARS-CoV-

2 infection (13, 128). Furthermore, some NAs initially intended as anticancer agents
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have also been successfully repurposed for use against viral diseases. However, for the
same reasons why broad-spectrum activity is possible, these compounds can exhibit
off-target binding to host polymerases, which may lead to undesirable effects (129-

131).

1.3.3.2 Non-nucleoside inhibitors

NNIs bind non-competitively to allosteric sites on the viral polymerase and
thereby prevent the conformational changes that are required to form an active
replication complex. Due to the diverse nature of these allosteric sites, NNIs are
traditionally believed to possess narrow-spectrum activity. An example of this are non-
nucleoside reverse transcriptase inhibitors targeting HIV-1 which are unable to inhibit

HIV-2 due to differences in binding pocket structure (132, 133).

An RdRp can possess a number of allosteric sites, the HCV RdRp for example,
possesses five known allosteric sites: Thumb |, Thumb Il and the overlapping Palm |,
Palm IlI, and Palm P sites (134, 135), each targeted by different classes of compounds
(Figure 1.3). The Thumb | site binds indole and benzimidazole derivatives (such as JTK-
109, TMC647055 and beclabuvir which are used in chapter four) (136, 137). Early HCV
NNIs possessed relatively low barriers to resistance as well as limited cross-genotypic
coverage (138, 139). This can partly be explained by the fact that drug development
efforts were initially focused against the HCV genotype 1 which commanded both the
highest global prevalence (140), and also possessed the first subgenomic replicon
model (141). More recently, some compounds such as the benzofurans (Palm Il) have
demonstrated the potential for cross-genotypic coverage (138, 142, 143). However,
due to the availability of a variety of highly efficient pan-genotypic cures, further

development of HCV NNIs has largely been discontinued.
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Figure 1.3. Schematic of HCV RdRp showing allosteric sites.

The HCV RdRp structure (PDB-ID: 3TYQ) (144) is depicted showing the fingers (yellow), palm
(light blue), thumb (pink) and C-terminal (dark blue) domains. The locations of the five
allosteric NNI binding sites are indicated. The chemical scaffolds for the classes of molecules
that bind in each location are also shown. The ribbon diagram was generated using the
Discovery Studio 2017 R2 software suite (Dassault Systémes, BIOVIA Corp).

1.4 Are broad-spectrum NNIs possible?

Although NNIs have traditionally been viewed as narrow-spectrum (virus-specific
or genotype-specific), recent studies repositioning DAAs have identified the cross-
genera and cross-family activity of various NNI compounds. For example, FDA
approved HCV Palm | inhibitor, dasabuvir, demonstrated cross-family inhibition of the
hepatitis E virus (HEV) G1 replicon replication with a half-maximal effective
concentration (ECsg) of 1.79 uM (95% Cl: 1.38-2.32 uM) (145). Additionally, the same
study also revealed that the RNA-binding channel targeting compound, GPC-N114
(146), originally designed against the Picornaviridae also displayed an ECsp of 1.07 uM
(95% Cl: 0.13-1.35 uM) against the HEV replicon (145).

Similarly, another study that repurposed existing HCV NNI compounds identified
the cross-family activity of three Thumb | binders (JTK-109, TMC647055 and
beclabuvir) against various members of the Caliciviridae (147). Additionally, this study
also generated two mutant norovirus RdRps (Q414A and R419A) which were shown to
confer resistance to JTK-109 inhibition. This led to the identification of the allosteric

Site-B as the binding site for JTK-109 and potentially also for TMC647055 and
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beclabuvir (114, 147) (Figure 1.2). These three compounds and Site-B will form the

basis of the work in chapter four.

It is important to note however, that the broad-spectrum activity demonstrated
by the named compounds are not due to the cross-family conservation of allosteric
sites but rather serendipitous “off-target” binding to different and often newly

described locations.

1.5 Current strategies in drug discovery

There are three main approaches that are utilised in the hit and lead
identification stages of the drug discovery pipeline. These include high throughput
screening (HTS), virtual screening (VS) and drug repositioning (Figure 1.4). HTS is a
brute-force approach whereby massive compound libraries are screened against a
target in vitro for the desired activity. This enables hit identification without the need
for upfront knowledge about the target (148), which is very useful when the
fundamental biology for a target is poorly understood. However, this approach is

resource intensive with no promise of success.

An alternative to this is VS, where knowledge of the protein structure and
existing ligands is used to guide the search for active molecules. This may involve high-
throughput docking, where the binding orientations of a library of test compounds are
predicted and scored and pharmacophore-based searching where the molecular
features important for interaction are used to screen for structurally novel active
compounds (149, 150). The main disadvantage of this approach is that it heavily reliant
on existing knowledge, which may not be available, especially in the case of new

targets, as is the problem with emerging viral pathogens.

The final strategy is compound repositioning, which is essentially the
exploration and identification of new targets for existing drugs. Since these
compounds have already passed preclinical and/or clinical screening, drug repurposing
can significantly reduce time and costs, such as those associated with ADMET
(absorption, distribution, metabolism, excretion and toxicity) profiling (Figure 1.4). For
comparison, getting a new drug to market can take 13-15 years and costs USS2-3

billion compared to drug repositioning which is estimated to take 6.5 years and
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USS$300 million on average (151). Compound repositioning, used in combination with
in vitro and in silico screening approaches may offer better starting points for hit
(possible active) and lead (developmental candidate) identification. Once lead
compounds are identified, extensive structure-activity relationship (SAR) exploration
and optimisation can then be performed to improve its pharmacokinetics and
pharmacodynamics. The repurposing of HCV thumb | binders (JTK-109, TMC647055

and beclabuvir) will form the foundation of the work performed in chapter four.
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Figure 1.4. Flow chart of drug development pipeline using different approaches.

The key processes and inputs required for the different drug development approaches are
shown. Ligand-based and structure-based approaches both rely on prior knowledge whilst HTS
can commence even in the absence of a known target. Drug repositioning starts with existing
drugs which can allow for significant acceleration of the development process.
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1.6 Computational drug discovery

Computational methods such as molecular dynamics simulations, docking,
ligand-based drug design and structure-based drug design are commonly used to
accelerate the drug development process (152). Skilful application of these in silico
techniques can greatly enhance the efficiency of the discovery pipeline, by decreasing
the time, labour, and costs required. For example, the identification of the HIV-1
protease cleavage site between Phe-Pro on natural substrates (the HIV polyprotein)
and subsequent crystallographic studies of its binding to synthetic mimetics, suggested
areas for further structure-guided optimisation. This led to the development of
saquinavir, a HIV protease substrate transition state mimetic; the first ever protease

inhibitor approved by the FDA (55).

1.6.1 Ligand-based drug design

The ligand-based drug design approach utilises understanding of the natural
substrate or other known ligands of the target protein to guide compound
development (Figure 1.4). This approach relies on having a set of ligands that are
known to interact at the target site. By using known inhibitors as scaffolds,
pharmacophore models (spatial representations of chemical features present on a
molecule predicted to be involved in binding) can be derived and used to search large
3D structural databases for compounds with conformations matching the
pharmacophore. The goal of this in silico approach is to find structurally novel active
molecules (149, 150). Additionally, further modifications of existing structures can
result in compounds with more desirable properties, for example valacyclovir, the
valine ester of the guanosine mimetic acyclovir possesses improved oral bioavailability

(52).

1.6.2 Structure-based drug design

In contrast to ligand-based drug design, the structure-based approach is guided
by knowledge of the target protein 3D structure and its binding sites (Figure 1.4).
Compounds can be docked or co-crystallised in a protein structure and by investigating

the interactions and residues required for binding, and optimisation of compounds can
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be performed to achieve the desired activity (153, 154). Another aspect of the
structure-based approach includes the use of pharmacophore models, which can be
developed based on the chemical properties of a protein’s binding site and used to
screen 3D structural databases to uncover compounds that could potentially bind (155,
156). However, these structure-based approaches rely on having accurate models of
the protein to provide the correct understanding of the binding pocket. Although these
approaches can uncover structurally novel compounds, binding interactions and
affinities calculated in silico may not translate into drug-like activities when examined
in vitro (157, 158). This can occur due to variety of factors such as protein

conformational freedom (159) and solvent effects (160).
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2 General introduction II: Molecular epidemiology

2.1 Acute gastroenteritis

Acute gastroenteritis (AGE) has the second greatest burden of all infectious
diseases worldwide, causing an estimated 80.9 million disability-adjusted life years
(DALYs) and 1.5 million deaths in 2019 (161). AGE is also a major encumbrance on the
global economy leading to a combination direct health system costs and indirect
productivity losses. For example, in Belgium between 2010 and 2014, the price of AGE
was estimated at an average total cost of €103 per case and represented an economic
burden of approximately €1 billion per year (162), similarly in Trinidad and Tobago
each case of AGE was estimated to cost up to US$155, representing an economic
burden of USS21 million in 2009 (163). In Australia during 2016, there were an
estimated 17.7 million incidences of AGE which cost the economy A$359 million from

healthcare service costs alone (164).

AGE is defined as the inflammation of the gastrointestinal tract and is
characterised by the sudden onset of diarrhoeal disease. This is usually also
accompanied by symptoms such as vomiting, nausea, abdominal cramps, and fever.
Aetiological agents of gastroenteritis include viruses, bacteria, and parasites. Estimated
number of deaths for some common causes of AGE are summarised in Table 2.1.
Although improvements in sanitation and access to clean drinking water have nearly
halved the number of yearly casualties over the past three decades (161), diarrhoeal

diseases remain a significant global health burden.

Prior to 2006, rotavirus was the leading cause of viral gastroenteritis, resulting in
an estimated 366,000 deaths in young children during 2005 (165). Unlike bacterial or
parasitic gastroenteritis, rates of rotavirus infection were similar when comparing
developed and developing nations (166). During this pre-vaccine era, it was estimated
that by the age of five, nearly all children will have experienced an episode of rotavirus
gastroenteritis, 1 in 60 would require hospitalisation and 1 in 293 would die (167, 168).
Following successful implementation of the vaccine into national immunisation
programs, rates of rotavirus hospitalisation have declined by an estimated 40%

globally (169, 170). Benefits were even greater in high-income nations and reductions
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of more than 70% were reported in Australia, Germany, and Belgium (171-174). As a
result, norovirus has gradually replaced rotavirus as the most prominent agent of viral

gastroenteritis in the post-vaccine era (175-178).

Table 2.1. Estimated global deaths for some common aetiological agents of AGE*.

Aetiological agent Deaths (thousands) Ref
Virus
Norovirus 210.0 (179)
Rotavirus 199.2 (180)
Astrovirus 39.4 (181-183)
Adenovirus 70.2 (180)
Bacteria
Vibrio cholerae 68.4 (180)
Campylobacter spp. 38.1 (180)
Salmonella spp. 90.3 (180)
Enterotoxigenic Esherichia coli (E. coli) 74.1 (180)
Enteropathogenic E. coli 12.0 (180)
Shigella spp. 164.3 (180)
Clostridium difficile 9.4 (180)
Aeromonas 67.9 (180)
Parasite
Giardia spp. 35.4 (183, 184)
Cryptosporidium spp. 64.8 (180)
Entamoeba histolytica 67.9 (180)
Unknown aetiology 287.3

* adapted from (185) which is based on GBD 2015.

2.2 Norovirus
2.2.1 Background and history

Norovirus is one of the leading aetiological agents of AGE, causing an estimated
1in 5 incidences of AGE worldwide (186) and costing the global economy nearly US$65
billion each year (179). Although norovirus infections typically resolve without the
need for medical intervention, severe illness can occur in the immunosuppressed,

elderly and in young children (187-189).

The first recorded mention of a norovirus-like illness was by Zahorsky in 1929,
who described it as “hyperemesis hiemis” or “winter vomiting disease” (190). The
disease was characterised by a sudden onset of diarrhoea and vomiting, and appeared

to have increased activity in winter, hence its name. Zahorsky’s study was followed by
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several reports of gastroenteritis outbreaks, mainly affecting children, unfortunately
no aetiological agents were ever identified for these outbreaks (191-193). It was
however, shown that viruses were the likely cause of these outbreaks since bacteria-
free stool filtrates obtained from these community outbreaks were able to induce

similar gastroenteritis symptoms in healthy adult volunteers (194).

At the end of October 1968, an outbreak of acute gastroenteritis occurred at an
elementary school in Norwalk, Ohio, USA that affected 50% (n=116/232) of the staff
and students (195). It was from this outbreak that the original norovirus “Norwalk
virus”, would eventually be discovered. Nevertheless, all attempts at the time to
cultivate the virus in vitro were unsuccessful and it was not until four years later, in
1972, when Albert Kapikian first observed virus-like particles under immune electron
microscopy in a faecal sample collected from the 1968 Norwalk, Ohio outbreak (196).
The next major breakthroughs would occur in 1990 and 1993, when Jiang, et al. would
determine the sequence (197) and genome organisation (198) of the Norwalk virus
genome, which facilitated further investigations into viral genetics and taxonomy. In
2002, Norwalk-like viruses were collectively recognised under the genus Norovirus, and

the species name was norovirus (199).

2.2.2 Structure and genome organisation

Norovirus possesses an approximately 7.5 kb positive-sense, non-segmented,
single-stranded RNA genome, which is encapsidated by a non-enveloped, T=3
icosahedral capsid measuring between 27-35 nm in diameter and comprised of 90
major capsid protein dimers (196, 197, 200). The norovirus genome is organised into
three open reading frames (ORF1-3) (198). The 5’-terminus of the genome is covalently
linked to a virus-encoded protein, VPg, whilst the 3’-terminus is polyadenylated (Figure

2.1A).

ORF1 is over 5 kb in length and encodes an approximately 200 kDa polyprotein
that is post-translationally cleaved by a 3C-like protease (NS6) into six/seven
(depending on whether NS1-2 is cleaved) non-structural viral proteins (NS1-7) (201)
(Figure 2.1A). NS1-2 encodes the N-terminal protein which may play a role in the

formation of the viral replication complex (202). The NS1-2 protein can be cleaved by
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the host protease, caspase-3, to yield NS1 and NS2 (203). The secretion of NS1 has
been shown to be important for murine norovirus resistance to the interferon-A-

mediated responses (204).

NS3 encodes the 40 kDa NTPase which is believed to possess both RNA
helicase activity and functions to hydrolyse nucleotide triphosphates (205, 206). The
NS4 region encodes for p20 (or p22) which is believed to be equivalent to the 3A
protein of picornaviruses. It has similarly been shown to play a role in the induction of
trans-Golgi network dismantling (202, 207), however its exact function remains to be

elucidated (Figure 2.1A).

The 16 kDa VPg protein (encoded by NS5) (Figure 2.1A) which is covalently
linked to the 5’ end of the viral RNA genome and subgenomic RNA, acts as a primer for
initiation of viral RNA synthesis (201, 208). It also plays a role in the recruitment of
translation machinery (209, 210). The 19 kDa 3C-like viral protease is encoded by NS6
(Figure 2.1A) and plays a critical role of processing the ORF1 polyprotein during viral
replication (201). The RdRp (encoded by NS7) is final non-structural protein of 57 kDa,

and its main function is the replication of the viral genome (201).

The ORF2 region encodes the 58 kDa major capsid protein or VP1 that self-
assembles to form the viral capsid (Figure 2.1A). It consists of a conserved shell (S)
domain that comprises the N-terminal 225 residues which forms the interior surface of
the capsid (211, 212). The S domain is followed by two protruding domains, termed P1
and P2 (Figure 2.1B), which extend towards the exterior of the capsid and are
important for the stability of the capsid subunits (213). The hypervariable P2 domain is
the most exposed and thus plays a pivotal role in facilitating evasion of herd immunity.
This region contains several epitopes (A-G) that are antigenically important and likely

involved in host cell binding (214-216).

ORF3 encodes a smaller structural protein, termed the minor capsid protein or
VP2 which has a poorly defined function (Figure 2.1A). This protein has been shown to
interact with the S domain of VP1 and is believed to potentially play a role in the
assembly and stabilisation of virus-like particles (VLPs) (217), although it has also been

shown to be non-essential for the formation of VLPs (213).
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Figure 2.1. Norovirus genome organisation and capsid structure.

(A) The norovirus genome is organised into three ORFs with the nucleotide (nt) positions of the
start and end of each ORF indicated below. ORF1 encodes a large polyprotein that is cleaved
into six different non-structural proteins (NS1-7). The cleavage sites are indicated by the small
black triangles, with the amino acid positions indicated above. ORF2 encodes the major capsid
protein (VP1) whilst the minor capsid protein (VP3) is encoded by ORF3. This genome
organisation is based on the human norovirus Gll.4 Sydney 2012 strain (GenBank accession:
JX459908). For clarity, genome is not shown to scale. (B) The T=3 capsid structure of Norwalk
virus, composed of 90 VP1 subunit dimers. A ribbon representation of a VP1 dimer is shown in
the box (PDB ID: 1IHM). The Shell (S), P1 and P2 domains are coloured in blue, red, and yellow,
respectively. The norovirus capsid schematic was taken from (218).

2.2.3 Classification and nomenclature

Norovirus is one of eleven currently recognised genera belonging to the
Caliciviridae family. Other members of the Caliciviridae include: Lagovirus (e.g. rabbit
haemorrhagic disease virus [RHDV]), Nebovirus, Recovirus, Sapovirus, Valovirus, and
Vesivirus (e.g. feline calicivirus [FCV]) which also infect mammalian hosts, Bavovirus
and Nacovirus which infect birds as well as Minovirus and Salovirus which infect fish
(219). Of these genera, only Norovirus and Sapovirus are known to infect humans, both
of which cause gastroenteritis, with sapovirus infections typically milder in comparison

and are largely confined to young children (220).

Norovirus was historically classified into genogroups based on the ORF2 amino
acid (aa) sequence, with approximately 45% aa divergence across different genogroups

(221). However, due to the frequent recombination events that occur at the ORF1/2
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junction (222, 223) and to account for the emergence of novel recombinant viruses,
norovirus classification has since shifted to a dual nomenclature system. The
polymerase groups, or P-group, classification is based on the phylogeny of a 762
nucleotides (nt) of the RdRp encoding region (224). Under the current scheme,
noroviruses may be classified into ten different genogroups (GI-GX) and two tentative
non-assigned (NA) genogroups (GNA1 and GNA2) based on the aa sequence of the full-
length ORF2 protein (VP1) (530-580 aa) (Figure 2.2) and eight different P-groups (GI.P-
GVII.P, GX.P) and two tentative P-groups (GNA1.P and GNAZ2.P) based on diversity at
the 3’ end of the ORF1 P-region (224).

GNAZ2 sealion
GIX GV
human human
GVI
canine
GIvV
human, feline, canine
Gll
human, swine
GVII
canine
GllI
bovine, ovine
GNA1
harbour porpoise
Gl
human
GX
bat
GV

.50 rodent

Figure 2.2. Phylogenetic classification of norovirus sequences based on full length VP1.

Noroviruses can be classified into ten genogroups and two non-assigned genogroups based on
full-length VP1 amino acid sequences. Sequences were obtained from (224) and aligned using
MUSCLE. A maximum-likelihood phylogenetic tree was produced using MEGA X software (225)
with 500 bootstrap replicates, based on the Le Gascuel model (226). The animal hosts for each
genogroup are also shown.
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These groups can then be further classified into 49 different capsid genotypes
and 60 different P-genotypes. Previously, a 15% amino acid divergence cut-off was
used to designate new genotypes (221). However, as more sequences have become
available this threshold was no longer appropriate and instead designation of
genogroups and genotypes has shifted to using 2 x standard deviation criteria (224,
227). Viruses from Gl, GlI, GIV, GVIII and, GIX are responsible for human infections with
Gll associated with approximately 90% of all human norovirus infections globally (228,
229), followed by GI (~10%) (Figure 2.2). Within GlI, viruses in the genotype 4 lineage
(GII.4) are responsible for approximately 60-80% of all norovirus outbreaks (230-232),
and have caused several epidemics and six recorded pandemics, detailed later in
section 2.2.7. The term “variant” is used to define viruses within the pandemic Gll.4
lineage. Historically, new variants were defined by approximately 5% amino acid
divergence, evidence of epidemic activity in at least two geographically diverse regions
(227, 233) and were named after the location and year of the first full-length capsid
sequence deposited in the public domain (i.e., Gll.4 Sydney 2012). However, since the
adoption of a new norovirus nomenclature scheme (224), no novel GIl.4 pandemic

variants have emerged.

Currently, norovirus strains are named in the format of genogroup.genotype [P-
group, P-type], whereby roman numerals are used to represent the genogroup and P-
group number and Hindu-Arabic numerals used for genotype and P-type designations
(224). For example, GIX.1 [GII.P15] represents virus with a genogroup IX, genotype 1
VP1 region together with a P-group Il, P-type 15 polymerase region. Additionally,
where genogroup and P-group follow the same designation, the P-group can be
excluded. For example, GlI.3 [P12] represents a virus with a genogroup Il, genotype 3

capsid and a P-group Il, P-type 12 polymerase.

2.2.4 Transmission

Norovirus is a highly communicable pathogen possessing a low infectious dose
of approximately 103 virions (234), coupled with a high level of viral shedding (107-10°
per g/faeces) during the acute, symptomatic phase of infection (235, 236).
Transmission typically occurs person to person via the faecal-oral route but can also

arise due to ingestion of contaminated food and water, and through exposure to
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vomitus aerosols and contaminated surfaces (237, 238). Norovirus is environmentally
stable and has been reported to remain infectious on surfaces for up to two weeks
(239-241), or two months in groundwater (242). Furthermore, norovirus displays
resistance to inactivation by commonly used disinfectants, such as ethanol and
quaternary ammonium compounds when compared with other viruses (243). The
combination of these factors means that outbreaks of norovirus — which commonly
occur in semi-closed settings such as aged care facilities (232, 244), schools (245),

hospitals (244), and cruise ships (246, 247) — can be difficult to control.

Norovirus is also frequently detected in food-related gastroenteritis incidents
worldwide and is one of the most common causes of foodborne illness in the US
(2009-15: 41%) (248) and Australia (2016: 14%) (249). Food-related outbreaks are
commonly reported in association with contaminated shellfish, fruits and salad
ingredients which typically require minimal cooking (250-253). Additionally, norovirus
is resistant to acid and heating (up to 60°C for 30 minutes), which means that cooking
can be insufficient for deactivating the virus (254, 255). Food-related outbreaks can
also occur due to infected food handlers (256-258). As a result, food handlers with
gastroenteritis are recommended to abstain from the workplace until 48 hours after
their symptoms have subsided (259, 260). However, due to asymptomatic infection
and prolonged shedding (235), there is still potential for these workers to contaminate

the food they prepare (257, 261).

2.2.5 Clinical manifestation and pathogenesis

Norovirus has an incubation period of approximately 12 to 48 hours which is
followed by illness that usually resolves within one to four days in healthy adults (262).
Commonly reported symptoms of norovirus include diarrhoea, projectile vomiting,
nausea, chills, abdominal cramps, and low-grade fever (5, 263). Following resolution of
symptoms, patients will generally continue to shed infectious virions for up to several
weeks (235, 264). Longer durations of symptoms can also occur and is typically
reported among young children, the elderly and the immunosuppressed (265-267). In
these vulnerable populations, more severe and persistent symptoms such as chronic
diarrhoea, malnutrition, severe dehydration, and renal failure can manifest, sometimes

leading to death (268, 269).
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Volunteer challenge studies during the 1970s have played a significant role in
our understanding of human norovirus pathogenesis. Intestinal biopsy specimens
taken from volunteers who developed gastroenteritis after administration of Norwalk
virus (Gl.1) and Hawaii virus (Gll.1) revealed intact mucosa with blunted villi,
infiltration of the lamina propria by inflammatory cells and intercellular oedema (270,
271) (Figure 2.3). These challenge studies have also revealed an association between
norovirus infection and transient malabsorption of carbohydrates and mild steatorrhea
(272). Additionally, volunteers who developed illness also demonstrated reduced
gastric motility (273). The combination of these factors causes the diarrhoea, vomiting

and nausea is associated with viral gastroenteritis.

Figure 2.3. Light micrographs of jejunal mucosa biopsy specimens.

Intestinal biopsy specimens were obtained from a volunteer (A) prior to inoculation, where the
villi appear normal and (B) 48 hours after inoculation with a Gll.1 norovirus (Hawaii virus) after
manifestation of illness, where blunting of villi can be observed. Image taken from (270).

2.2.6 Viral replication cycle

Human norovirus infection begins with the binding of the VP1 P domain to
histo-blood group antigens (HBGAs) which are expressed on the surface of intestinal
epithelial cells (274, 275). Additionally, it has been shown that there is viral genotypic
variation in HBGA binding requirements which leads to differences in host
susceptibility to norovirus infection (274, 276, 277). For example, type B individuals
were found to be less susceptible to GIl.3 norovirus infections (275). Similarly,
individuals carrying a defective alpha-1,2-fucosyltransferase (FUT2) gene (termed

“secretor-negative”) were also less susceptible to norovirus infection (278).
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Following successful receptor engagement, viral entry and uncoating occurs,
revealing the positive-sense RNA genome. Viral RNA translation then occurs, aided by
the 5’ covalently linked VPg which plays a role in the recruitment of host translation
factors (209, 210). This leads to the synthesis of the ORF1 polyprotein which is post-
translationally cleaved by the viral protease (NS6) into the different non-structural
proteins NS1-7 (201). The newly produced RdRp (NS7) transcribes the positive-sense
RNA genome into a negative-sense replication intermediate that serves as a template
for both viral genome replication and the generation of subgenomic RNA. This
subgenomic RNA serves as templates for the synthesis of VP1 and VP2 proteins which
self-assemble around the nascent genomic RNA forming new viral particles that are

released to infect more cells (211, 279).

2.2.7 Molecular epidemiology and evolution

Norovirus has a long history of causing “winter vomiting disease” outbreaks
and its identification in 1972 (196) was quickly followed by several reports around the
world (280-283). However, it was not until the mid-1990s that it was recognised as a
cause of pandemic gastroenteritis (284). Norovirus is now the predominant agent of
viral gastroenteritis worldwide — it is similarly prevalent in both developing and
developed nations, circulates throughout the year, and can affect all ages (186, 244,
285). Although more than 36 human-infecting norovirus genotypes have been
identified, Gll.4 noroviruses remain the most prevalent and account for approximately
60-80% of all norovirus cases (229-232). The Gll.4 norovirus lineage has caused six

pandemics and several epidemics since the mid-1990s (Figure 2.4A).

These pandemic and epidemic variants have evolved through a combination of
antigenic drift and recombination. New GlI.4 variants typically demonstrate ~5% aa
divergence in the VP1 region (227, 233). Most of these mutations accumulate within
the epitope regions (A-G) found withing the P domain of the VP1 protein (214-216).
Additionally, intra- and intergenotypic recombination events during co-infection can
lead to large changes in the antigenic regions enabling the virus to evade immune
responses or confer selective advantages facilitating the emergence of new strains

(222, 286, 287) (Figure 2.4B).
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The US 1995/96 strain was the first Gll.4 norovirus variant recognised as
pandemic (Figure 2.4A), following its identification as the aetiological agent
responsible for an increase in gastroenteritis activity worldwide, including Australia,
Europe, and the US (284, 288, 289). It remained the dominant strain in circulation until
it was replaced by the Farmington Hills 2002 strain (290, 291) (Figure 2.4A). Over the
next decade, new Gll.4 pandemic variants emerged every 2-3 years, with each rapidly
replacing its predecessor (292-295). The Farmington Hills 2002 virus was replaced by
the Hunter 2004 virus (Figure 2.4A), which caused major AGE outbreaks across

Australia (292), Europe (296) and Asia (297).

In 2006, two new variants, Yerseke 2006a and Den Haag 2006b independently
emerged (Figure 2.4A). The Yerseke 2006a emerged first, leading to an increase in
gastroenteritis outbreak activity, however since this activity was largely localised to
specific geographic areas, it is considered an epidemic variant (231). This virus was
quickly replaced in 2007 by the Den Haag 2006b pandemic variant, which remained
the most prevalent circulating strain until 2010 (293, 296, 298-300).

The New Orleans 2009 variant replaced the Den Haag 2006b virus in late 2009
and was the dominant strain in circulation during 2010 to 2012 (232, 294, 300) (Figure
2.4A). Unlike its predecessors, the New Orleans 2009 strain emerged through a
combination of both antigenic drift and recombination at the ORF1/2 overlap region.
This virus is believed to possess an ORF1 region derived from a Yerseke 2006a ancestor

and an ORF2-3 region from the epidemic Gll.4 Apeldoorn 2007 variant (286).

The most recent definitive Gll.4 pandemic variant was the Sydney 2012 strain
which overtook New Orleans 2009 in mid-late 2012 (295, 301) (Figure 2.4A). This virus
was the most prevalent GllI.4 virus in circulation until 2016 (300, 302, 303). However,
despite its waning prevalence, no further antigenically novel Gll.4 pandemic variants
have appeared. Instead, two new recombinant viruses — Gll.2 [P16] and Gll.4 Sydney
2012 [P16] — have emerged (Figure 2.4B), been the two most dominant viruses, and
gained prevalence, whilst the original pandemic Sydney 2012 virus has remained in
circulation at lower levels (229, 303). Like its predecessor, the Sydney 2012 variant also

arose from an intra-genotypic recombination event. This virus possesses a non-
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structural region from the Gll.4 Osaka 2007 epidemic variant and a structural region

believed to be descended from an early Apeldoorn 2007 virus (286) (Figure 2.4B).

Gll.4 variants have also been associated with several epidemics over the past
two decades. These include Henry 2001, Japan 2001, Asia 2003, Yerseke 2006a,
Apeldoorn 2007, Osaka 2007 and most recently, Melbourne 2016 (231, 304) (Figure
2.4A). Additionally, some non-Gll.4 viruses have also been identified as important
causes of gastroenteritis. For example, the Gll.17 Kawasaki strain was a major cause of
gastroenteritis activity in Asia during the 2014/15 winter season (305, 306). Other
viruses such as those possessing a GllI.3 capsid are frequently detected among children

(307-311).
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Figure 2.4. Timeline of pandemic and epidemic norovirus strain emergence.

2022

(A) Six antigenically diverse pandemic Gll.4 variants have been identified in the period between 1996 and 2014. The first pandemic variant recognised was
the US1995/96 (284), followed by Farmington Hills in 2002 (291). Over the next decade, novel pandemic variants emerged every 2-3 and were identified as
the Hunter 2004 (292), Den Haag 2006b (293), New Orleans 2009 (294) and Sydney 2012 (295). Since the Sydney 2012 pandemic variant, no further
antigenically novel Gll.4 viruses have been identified. Instead, the recombinant Gll.2 [P16] and Gll.4 Sydney 2012 [P16] viruses emerged (312, 313). Some
epidemic strains are also shown, indicated using dashed arrows, these strains caused outbreaks in localised geographical areas (231, 304, 305). Different
colours roughly denote the periods of circulation for Gll.4 pandemic variants. Figure adapted from (314). (B) The pandemic Sydney 2012 variant (286) and
the Gll.4 Sydney 2012 [P16] strain (287) both emerged from recombination events. Colours are used to denote the non-structural and structural regions of

different strains.
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2.2.8 Prevention and control

There are currently no vaccines or antiviral therapies approved for the
prevention and treatment of human norovirus infections (315-317). Therefore,
management of norovirus outbreaks relies on the implementation of various public
health strategies such as the isolation of infected patients, use of personal protective
equipment, and decontamination of environmental surfaces (318, 319). Since there
are no specific antiviral treatments available, disease management is primarily
supportive (320, 321). This will typically include fluid and electrolyte replacement to
prevent dehydration, which can occur via the oral, intravenous, or nasogastric routes
(322). Additionally, ondansetron (an antiemetic) and racecadotril (an anti-diarrhoeal)
may also be prescribed to reduce vomiting and diarrhoea episodes however the

evidence supporting the benefits is still contended (323-326).

Although there are currently no licensed norovirus vaccines, there are several
vaccine candidates in various phases of clinical and preclinical development (315, 316)
which are summarised in Figure 2.5. Since human noroviruses do not grow well in cell
culture (327), commonly used strategies such as inactivated particle and live-
attenuated vaccines are not viable. Therefore, one current strategy is to use
recombinant insect produced VLPs (328-330). Most of the vaccines currently in
development possess bivalent or multivalent formulations to provide broader
coverage of norovirus genotypes (331-336) (Figure 2.5). Some developmental
candidates also aim to offer protection against other viruses, such as enterovirus 71
(EV71) and rotavirus (RV) (330, 336, 337). Two candidates are currently undergoing
phase Il clinical trials (Figure 2.5). The VLP-based bivalent Gl.1 and GIl.4 TAK-214
vaccine candidate developed by Takeda Pharmaceuticals International AG recently
completed phase llb trials in healthy adults, with results suggestive of potential cross-
genotype protective immunity against Gll.2 noroviruses (332). This vaccine was also
well tolerated in children aged one to eight (338). The Longkoma vaccine developed by
the Institut Pasteur of Shanghai (IPS) in collaboration with Anhui Zhifei Longcom
Biopharmaceutical Co. Ltd. (Zhifei) is currently registered for phase | and phase lla
trials and is estimated to be completed on July 7, 2022 (ClinicalTrials.gov identifier:

NCT04563533) (Figure 2.5).
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Figure 2.5. Human norovirus vaccine candidates.

Development progress for current norovirus vaccine candidates. The TAK-214 and Longkoma
vaccines are currently in Phase Il clinical trials (332). Two other candidates are undergoing
phase | studies (331). The companies and institutions developing each vaccine candidate are
shown underlined, followed by the vaccine name and components. Four other vaccines were
last reported to be in the preclinical stages. Shading refers to the phase of clinical trial. Key
references for each vaccine candidate are shown in text boxes. NVSI: National Vaccine and
Serum Institute of China; VP6: protein in middle layer of rotavirus capsid.

2.3 Adenovirus
2.3.1 Background and history

Adenoviruses (AdVs) were named after the adenoid tissue from which they
were first isolated in 1953. Wallace Rowe et al. (339) observed a transmissible, non-
bacterial cytopathic agent during cultivation of the human adenoid cells. Since their
discovery, human adenoviruses (HAdV) have become recognised as some of the most
common viruses circulating in children. A 1982 study in Italian children found that
74.6% were seropositive for at least one HAdV type (340). More recent reports have
observed that HAdV represent 6-20% of respiratory infections (341-345) and were
detected in 11-50% of gastroenteritis-associated paediatric hospitalisations (346, 347).
Worldwide, HAdV is estimated to cause one of the highest attributable incidences of
diarrhoea (19.0, 95% Cl 16.8-23.0) during the first two years of a child’s life (348),
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resulting in an estimated 70,000 deaths annually (180). Most of these deaths occur in
low-income nations. In well-resourced settings, HAdV-associated deaths are rare for
immunocompetent individuals. In immunosuppressed patients however, disseminated
disease can occur, for which case fatality rates can exceed 40% (349). Stringent
infection containment measures are therefore essential for preventing nosocomial

infection in these vulnerable patients.

2.3.2 Classification

The Adenoviridae family consists of six different genera and can infect a wide
variety of vertebrate hosts. Currently recognised genera include Atadenovirus (reptiles,
birds, ruminants, and marsupials) (350-353), Aviadenovirus (birds) (354-356),
Ichtadenovirus (fish) (357, 358), Mastadenovirus (mammals) (359-363), Siadenovirus
(amphibians and birds) (364, 365), and Testadenovirus (turtle) (366). The
Mastadenovirus genus, which contains more than 50 different viral species, is the only

genus known to cause human infections.

Species demarcation within Mastadenovirus is based on a combination of the
following traits: phylogenetic distance, genome organisation, nucleotide composition,
oncogenicity in rodents, host range, cross-neutralisation, ability to recombine,
haemagglutination, and the number of virus-associated RNA genes (367). HAdV may
be grouped into seven different species (A-G), which are currently divided into 113

different proposed HAdV genotypes (http://hadvwg.gmu.edu/) (Table 2.2).

Historically, serological studies were used to differentiate HAdV and this
resulted in the classification of the first 51 HAdV serotypes (Table 2.2). Restriction
digest profiles were used to uncover genomic variation within serotypes (368, 369). As
DNA sequencing and bioinformatic analysis have become more accessible, HAdV
classification has shifted towards these less time consuming and resource-intensive
methods (370-372). It is now known that homologous recombination plays an
important role in the evolution of HAdV (373-377). Therefore, whole genome
sequencing and phylogenetic analyses are critical to the designation of new HAdV

types and for accurate and precise classification (376, 378-380). Presently, HAdV typing
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is commonly based on sequencing of a partial hexon gene region (371, 381-383), and

this is the approach that is used in chapter six.

Table 2.2. Human adenovirus species and types.

Species Type

A 12, 18, 31, 61

B 3,7, 11, 14, 16, 21, 34, 35, 50, 55, 66, 68, 76-79, 106

C 1,2,5,6,57,89,104, 108

D 8-10, 13, 15, 17, 19, 20, 22-30, 32, 33, 36-39, 42-49, 51, 53, 54, 56, 58-60, 62-65,
67, 69-75, 80-88, 90-103, 105, 107, 109-113

E 4

F 40, 41

G 52

2.3.3 Structure and genome organisation

AdVs possess non-segmented, double-stranded DNA genomes which are
encapsidated by a non-enveloped, pseudo-T=25 icosahedral shell measuring between
70-90 nm in diameter (384, 385). The capsid is comprised of 240 hexon trimers and 12
vertex capsomers each formed by a penton base with a protruding fibre protein trimer
(386-388). These fibre proteins engage with cellular receptors and play an important

role in tissue tropism (389-393).

The DNA genome, which can range between 25-48 kb depending on the type,
encodes for approximately 40 different proteins (367, 394). The AdV genome can be
loosely organised into early (E1-E4) and late gene regions (L1-L5) (Figure 2.6). Proteins
encoded by the early regions are largely non-structural and involved in the modulation
of host cellular machinery, whilst the late gene products are important for virion

assembly and maturation (394).
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Figure 2.6. Genome organisation of HAdV type C5.
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The genome for HAdV type C5 can be roughly grouped into early (E) and late (L) gene regions,
which are labelled in green and yellow, respectively. Coloured arrows are used to depict the
different genes that are conserved across all genera (black), present in more than one genus
(blue) or found only in Mastadenovirus (red). The numbers at the top indicate nucleotide
position in kb. Figure is adapted from (367).

2.3.4 Clinical manifestation and transmission

HAdVs are highly communicable viral pathogens; that can be shed at elevated
levels in faeces (up to 10 copies/g) and other bodily secretions (395), and possess a
low illness-inducing dose of ~10° TCIDso units (396). Following exposure, the incubation
period can range from two days to two weeks (4, 397, 398). HAdVs can cause a wide
spectrum of clinical manifestations depending on the infecting strain (Table 2.3). This
can range from respiratory illness to keratoconjunctivitis to gastroenteritis but can also

include rarer manifestations such as myocarditis and encephalitis (4) (Table 2.3).

The duration of illness can also vary greatly. For example, during
gastroenteritis, diarrhoea can often last for up to two weeks (399), whilst for epidemic
keratoconjunctivitis clinical illness typically lasts for one to three weeks (400).
Depending on infecting strain and resulting symptoms, HAdV may also be transmitted
through a variety of pathways such as the faecal-oral route (commonly via
contaminated water) (401, 402), inhalation of aerosolised respiratory secretions (403),
intranasal and intraocular inoculation (404), as well as through exposure to

contaminated surfaces (405).

Table 2.3. Clinical manifestations of human adenovirus.

Target organ or Clinical manifestations HAdV species or type  Ref

system

Gastrointestinal Gastroenteritis Species A, B,C,D,F, G (348,

tract 399, 406-
408)

Respiratory Mild respiratory illness, bronchiolitis, Species B, C, E (409-412)

tract pneumonia, tonsillitis

Urinary tract Haemorrhagic cystitis, dysuria Species B (413,
414)

Eye Pharyngoconjunctival fever, epidemic D8, D19, D37, B3, B7, (409,

keratoconjunctivitis, conjunctivitis B11, B14, Species E 415-417)

Heart Myocarditis C2,C5 (418,
419)

Liver Hepatitis C2,C5 (420)
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2.3.5 Waterborne HAdV

Contaminated water has been linked to many outbreaks of gastroenteritis,
pharyngoconjunctival fever and respiratory illness (421-424). A few notable, recent,
waterborne HAdV outbreaks have been summarised in Table 2.4. Since both enteric
and non-enteric HAdV display tropism for the gastrointestinal tract, these viruses can
easily contaminate water bodies (395, 425-427). This generally occurs either via direct
faecal contamination (i.e., faeces released by swimmers) or indirectly via sewage (428-
430). For example, Wyn-Jones et al. (431) sampled recreational water sites across
Europe and found adenovirus contamination in both freshwater (41.1%) and marine
(27.4%) samples of which 13.6% contained viable virus. Additionally, studies have
indicated that current sewage treatment practices such as UV irradiation may not be
sufficient for the complete inactivation of infectious HAdV and other enteric viruses in
effluents (432-434). This poses a problem for water reclamation, a process which is
becoming of increasing global importance. HAdVs are also extremely stable in aquatic
environments — one study found only one log reduction in viable virus titre after 160
days in surface and groundwater (435). These factors make it difficult to manage when

water contamination events do occur.

Table 2.4. Some notable waterborne outbreaks of HAdV.

Aetiological agents Location Outbreak description Year Ref
FA0/41. Many viruses, Nokia, Sewage contamination of municipal 2007 (423,
bacteria and parasites Finland drinking water supply. Estimated 8453 424)
implicated. individuals affected with gastroenteritis.
B3 Hangzhou, Pharyngoconjunctival fever outbreak 2011 (436)

China linked to swimming pool, 14.89%

(134/900) of swimmers affected

B7 Taiwan Outbreak of upper respiratory tract 2011 (437)

infection linked to a swimming course;
106 patients identified.

E4 Beijing, Pharyngoconjunctival fever outbreak 2013 (438)
China linked to swimming pool, 55 patients
identified.
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2.3.6 Prevention and control

There are currently no publicly available vaccines or antivirals for the
prevention and treatment of HAdV infections. Therefore, management of HAdV
outbreaks relies on implementation of effective infection containment strategies. This
can include the isolation of infected patients, cohorting of personnel, and hand
hygiene (439). It is also important to ensure that the cleaning of environmental
surfaces is undertaken using the appropriate disinfectants, such as aldehyde and
chlorine-based products (440). Since HAdV may also be transmitted through
respiratory, intranasal, or intraocular inoculation, additional droplet precautions such

as the use of masks and eye protection are also recommended (439, 441).

Due to a lack of specific antiviral therapies, HAdV disease management is
primarily supportive. This may include rehydration therapy and the use of anti-
diarrhoeal medication for AGE (322, 326), or mechanical ventilator support and
intubation for severe respiratory disease (442). Management of HAdV infections in
high-risk patient groups, such as solid organ transplant patients, may involve the off-
label use of cidofovir and ribavirin (443, 444), although evidence for the benefits of the

latter is weak (445).

An effective vaccine does exist for HAdV types E4 and B7; however, this vaccine
is only available to US military personnel (446). A highly effective live-attenuated oral
vaccine (E4 and B7) was first trialled in US military recruits in 1970 (447). However, the
immunisation program was discontinued in early 1999 due to contract and supply
issues (448). This was followed by several E4 and B7 epidemics at training centres (449-
451). In March 2011, a new vaccine against HAdV types E4 and B7 was approved for
use in US military personnel aged 17 to 50 (452). After reinstatement of HAdV

vaccination, 100-fold declines in disease burden were observed (453).

HAdV E4 and B7 are just two of many HAdV types (Table 2.3), therefore, further
efforts are required to develop vaccines and antivirals to protect against infections
caused by other types. Ongoing molecular surveillance of circulating HAdV will be

important for identifying targets for future vaccine and antiviral development efforts.
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Aims and outline of thesis

Viral pathogens present significant public health and economic burden on
society. However, very few human viruses currently possess effective antiviral
therapies or vaccines. Furthermore, as exemplified by the COVID-19 pandemic, we are
also faced with the threat of emerging and re-emerging viral pathogens. Therefore,
current “one drug, one bug” approach is not enough to combat the ever-increasing
threat. Instead, the development of broad-spectrum antivirals will be required to

overcome this challenge.

However, even when antiviral therapies exist, its protection against the loss of
human life can be limited. Similarly, even when effective vaccines are present, they do
not offer complete immunity to infection. Instead, a combinatorial approach using
both vaccines and treatments would be ideal. To develop a successful vaccine,
however, it is crucial to understand viral evolution dynamics and identify prevalent and

virulent strains, especially at a population level.

Therefore, this thesis aimed to address the threat of viral pathogens using both
a reactive and proactive approaches. The reactive approach involved the development
of broad-spectrum NNIs against positive-sense RNA viruses whereas the proactive
approach included molecular surveillance of circulating strains norovirus and HAdV,

two of the leading causes of gastroenteritis.

In chapter four, computer-aided methods were used to screen promising
broad-spectrum NNIs against positive-sense RNA viruses, and initially focused on
Caliciviridae. Two sets of complex-based pharmacophores were constructed using
predicted binding configurations of JTK-109 and TMC647055 within calicivirus RdRp
crystal structures. These models were then used to virtually screen approximately
200,000 commercially available structures. Selected compounds were then tested
against norovirus and Zika virus RdRp, among others, to identify those with broad-

spectrum inhibitory activity.

In chapter five, the molecular epidemiology of norovirus-associated AGE in

Australia between January 2018 and December 2020 was investigated. A combination
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of clinical faecal samples and monthly wastewater samples were sequenced and
analysed to determine the prevalence and diversity of norovirus circulating within the
community. Since the emergence of new norovirus strains is often marked by a
corresponding increase in AGE activity, institutional gastroenteritis data obtained from
public health authorities was also examined to investigate the potential emergence of

novel strains.

In chapter six, a molecular epidemiological study was performed to investigate
adenovirus-associated gastroenteritis in Australia over a four-year period (2018-2021).
Although the role of HAdV types F40 and F41 in AGE is well recognised, the
involvement of non-group F adenoviruses remains controversial. Therefore, to better
understand the prevalence and role of these non-group F HAdV types in AGE, a
combination of clinical sampling and next-generation sequencing of sewage samples
was performed to investigate the diversity of HAdV present on a city-based population

scale.
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3 Materials and Methods

Methods that are used as is, in more than one research chapter are detailed here

while all other methods have been described in the individual research chapters.

Materials and reagents used in this thesis are listed in Table 3.1 with the details of

manufacturer and source.

Table 3.1. General material and reagents used in the study.

Materials

Source and details

Bacterial Strains

E. coli BL21 with Zika virus RdRp cloned
into pET24a(+)

E. coli T7 express with Gll.4 Sydney
2012 RdRp cloned into pET26b(+)
Salmonella typhimurium WG49

Mammalian cell lines
Human hepatocytes (Huh7)

Viruses and replicons

Hepatitis C virus genotype 2a replicon
Hepatitis A virus replicon

MS2 bacteriophage

Antibodies
Anti-polyhistidine-peroxidase antibody

Molecular size markers

Colour prestained protein standard
Quickload purple 100 bp DNA ladder
Quickload purple 50 bp DNA ladder
1 kb Plus DNA ladder

Kits

Amicon Ultra-4 centrifugal filters
BigDye v3.1 Terminator sequencing kit
CellTitre-Blue cell viability assay

DNA Clean & Concentrator-5 Kit
HiScribe T7 High Yield RNA Synthesis Kit

Synthesised by Alice Russo

Synthesised by Jennifer Lun

Strain UNSW103200 (ATCC 700730) from UNSW
Microbiology Culture Collection

Gift from Dr. Mark Douglas

Gift from John MclLauchlan

Gift from Volker Lohmann

Strain UNSW103300 (ATCC 15597-B1) from UNSW
Culture Collection

Sigma-Aldrich (A7058)

New England BiolLabs (P77125)
New England BioLabs (N0551S)
New England BioLabs (NO556S)
New England BioLabs (N3200S)

Sigma-Aldrich (UFC8030)
Applied Biosystems (4337458)
Promega (G8080)

Zymo Research (D4013)

New England BiolLabs (E2040S)
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Materials

Source and details

Immobilon Western HRP substrate kit
iTaq Universal Probes One-Step kit
iTaq Universal SYBR Green One-Step kit
iTag Universal SYBR Green Supermix
KAPA HiFi HotStart ReadyMix
Luciferase assay system

Monarch RNA Cleanup Kit

Pierce BCA Protein assay kit

Platinum SuperFi Il Green Master Mix
Pur-A-Lyzer Maxi dialysis kit

QlAamp Viral RNA kit

QlAprep spin plasmid miniprep kit
Quant-IT PicoGreen dsDNA assay kit
SuperScript 11l One-Step RT-PCR System
with Platinum Tag High Fidelity DNA
Polymerase

SuperScript IV VILO Master Mix
SuperScript VILO Master Mix

TGX FastCast Acrylamide Kit 10%
Trans-IT mRNA kit

Reagents

B-mercaptoethanol

Adenosine 5’ triphosphate (rATP)
Agarose (UltraPure)

Agar powder

Benzonase Nuclease (250 U/uL)
Bio-Scale Mini Profinity IMAC cartridges
Bovine serum albumin

Bromophenol blue

Calcium chloride (CaCl,) solution (1M)
CelLytic B Cell Lysis Reagent

CelLytic B Cell Lysis Reagent (10x)
Coomassie Brilliant Blue R-250 dye
Deoxyribonucleotide triphosphates
(dNTPs)

Dextran

DNase |

Dimethyl Sulfoxide (DMSO)
Diothiothreitol (DTT)

Disodium hydrogen phosphate
(Na;HPO,)
Ethylenediaminetetraacetic acid (EDTA)

Millipore (P36599A)
Bio-Rad (1725141)

Bio-Rad (1715151)

Bio-Rad (1725121)

Roche (7958935001)
Promega (E1500)

New England BiolLabs (T20508S)
Life Technologies (23225)
Invitrogen (12369050)
Sigma-Aldrich (PURX12015)
Qiagen (52904)

Qiagen (27104)

Life Technologies (P11496)
Invitrogen (12574030)

Invitrogen (11756050)
Invitrogen (11755050)
Bio-Rad (1610173)
Mirus Bio (MIR2250)

Sigma-Aldrich (M3148)
Promega (P1132)
Invitrogen (16500500)
VWR Chemicals (20767)
Sigma-Aldrich (E1014)
Bio-Rad (7324610)
Sigma-Aldrich (A3059)
Sigma-Aldrich (B8026)
Amresco (E506)
Sigma-Aldrich (B7435)
Sigma-Aldrich (C8740)
Bio-Rad (1610400)

New England BioLabs (N0447S)

Sigma-Aldrich (D9260)

New England BioLabs (M0303S)
Sigma-Aldrich (D4540)

Astral Scientific (C-1029)
Sigma-Aldrich (53264)

Sigma-Aldrich (E8008)
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Materials

Source and details

ExoSAP-IT PCR Product Cleanup
Reagent

Foetal Bovine Serum (FBS)

Gel Loading Dye, Purple (6x)
GlutaMax Supplement

Glycerol

Glucose

Guanosine 5’ triphosphate (rGTP)
Imidazole
Isopropyl-b-D-thiogalactopyranoside
(IPTG)

Kanamycin

Lysozyme

Magnesium sulfate (MgSQ,)
Manganese (ll) chloride (MnCl,)
Methanol

Monopotassium phosphate (KH2PO4)
Peptone

Polycytidylic acid (poly C)
Polyuridylic acid (poly U)

Protease inhibitor cocktail
Ribonucleotide triphosphates (rNTPs)
RNAse A

RNaseZap RNase Decontamination
solution

Sodium chloride

Sucrose

SYBR Safe DNA Gel Stain

Triton X-100

Trypsin-EDTA (0.5%)

Tween 20

Yeast extract

Antiviral compounds
PPNDS

BCX-4430

Various test compounds

Buffers
Bacterial lysis buffer

Applied Biosystems (78201.1.ML)

Sigma-Aldrich (12003C)

New England Biolabs (B7024S)
Life Technologies (35050061)
Sigma-Aldrich (G5516)

Univar (A783-500G)

Promega (P1152)
Sigma-Aldrich (15513)
Sigma-Aldrich (11411446001)

Sigma-Aldrich (K1377)
Sigma-Aldrich (L7651)
Sigma-Aldrich (230391)
Sigma-Aldrich (M1787)
Univar (A2314)
Sigma-Aldrich (P9791)
Amresco (J849)
Sigma-Aldrich (P4903)
Sigma-Aldrich (P9528)
Sigma-Aldrich (S8830)
Promega (P1221)
Sigma (R4642)
Invitrogen (AM9780)

Univar (AJA465)
Sigma-Aldrich (59378)
Invitrogen (533102)

Ajax FineChem (1552)

Life Technologies (15400054)
Sigma-Aldrich (P1379)
Sigma-Aldrich (70161)

Molport (MolPort-003-983-727)
MedChemExpress (HY-18649A)
Specs and ChemBridge

50 mM Tris-HCI, 20 mM NacCl, Lysozyme (100
mg/mL), Benzonase (50 U/mL), 10 mM DTT, 0.1%
Triton X-100 (v/v), 2 mM MgCl,, RNAse A, Protease
Inhibitor, Cellytic B lysis reagent
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Materials

Source and details

HEPES buffer
Phosphate buffered saline (PBS)

Protein equilibration buffer
Protein elution buffer
Protein dialysis buffer 1
Protein dialysis buffer 2

SDS-Page reducing buffer (2x)

Tris-HCI (pH 7.5), (1M)
Tris/Acetate/EDTA buffer
Tris/Glycine/SDS buffer

Media

Dulbecco’s Modified Eagle Medium
(DMEM)

DMEM complete

Luria Bertani (LB) broth

LB agar
Terrific broth (TB)

Peptone yeast glucose broth (PYGB)

Peptone yeast glucose agar
Peptone yeast glucose semi-solid agar

Software

Geneious Prime (v2021.1.1)

FinchTV

MEGA (version X)

ChemDraw (v17.1)

Discovery Studio

LigandScout

GraphPad Prism (v9.0.0)

Rotor-Gene Q Series Software (v2.3.5)

Life Technologies (15630106)

137 mM Nacl, 2.7 mM KCl, 10 mM Na;HPO,, 1.8
mM KH,PO4

50 mM Tris-HCI, 500 mM NacCl, 10 mM imidazole,
5% glycerol (v/v), 0.1% Triton X-100 (v/v)

50 mM Tris-HCI, 500 mM NacCl, 300 mM imidazole,
5% glycerol (v/v), 0.1% Triton X-100 (v/v)

150 mM NacCl, 5% glycerol (v/v), 0.1% Triton X-100
(v/v), 50 mM Tris-HCl and 1 mM DTT

50 mM Nacl, 5% glycerol (v/v), 0.1% Triton X-100
(v/v), 50 mM Tris-HCl and 1 mM DTT

125 mM Tris HCI (pH 7.5), 20% (V/V) Glycerol, 4%
(w/v) SDS, 0.1% (w/v) bromophenol blue, 5% (v/v)
B-mercaptoethanol

Life Technologies (15567027)

Life Technologies (24710030)

25 mM Tris, 192 mM glycine, 20% methanol (v/v)

Life Technologies (11965118)

DMEM with 10% FBS (v/v), 2 mM GlutaMax and 10
mM HEPES buffer

1% (w/v) NaCl, 1% (w/v) peptone, 0.5% (w/v) yeast
extract

LB broth with 1.5% agar (w/v)

1.2% peptone (w/v), 2.4% yeast extract (w/v), 0.4%
glycerol (w/v), 0.17 M KH,PQy4, 0.72 M K,HPO3

1% peptone (w/v), 0.1% yeast extract (w/v), 0.8%
NaCl (w/v), 2 mM CacCl,, 0.1% glucose (w/v)

PYGB with 1.4% agar (w/v)

PYGB with 0.7% agar (w/v), 0.5% kanamycin solution
(25 mg/mL) (v/v), 12 mM MgSO,

Biomatters Ltd

Geospiza, Inc
https://www.megasoftware.net/
Perkin Elmer

Dassault Systemes, BIOVIA Corp
Inte:Ligand GmbH

GraphPad Software, Inc

Qiagen
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3.1 General molecular biology methods
3.1.1 Agarose gel electrophoresis

Agarose gel electrophoresis was performed to visualise PCR products. PCR
amplicons (4 ul) were prepared with gel loading dye (New England Biolabs, Ipswich,
MA, USA) and loaded onto 2% agarose gels (prepared as 2% w/v ultrapure agarose in
1x Tris-acetate-EDTA (TAE) buffer) and run for 35 minutes at 110V. Gels were pre-
stained with SYBR Safe DNA Gel Stain (Invitrogen, Carlsbad, CA, USA) and PCR

amplicons were visualised using a UV transilluminator (Gel Doc, Bio-Rad, CA, USA).

3.1.2 Purification of PCR products

Enzymatic purification of PCR products was performed to remove contaminants
such as unincorporated nucleotides and primers, which would interfere with the
downstream sequencing reaction. ExoSAP-IT PCR Product Cleanup Reagent (Applied
Biosystems, Carlsbad, CA, USA) containing exonuclease | and shrimp alkaline
phosphatase was mixed with PCR in a ratio of 1:4 (enzyme:PCR product). The reaction
was incubated at 37°C for 30 minutes and then at 80°C for 15 minutes to denature the

ExoSAP-IT enzymes. The purified product was then stored at -20°C until required.

3.1.3 Sanger sequencing

Reactions (20 ul) were made up in DNAse free water and contained 3.5 ul of 5x
sequencing buffer, 1 pl of Big Dye v3.1 (Applied Biosystems, Carlsbad, CA, USA), 3.2 uM
of primer and 2 pl of ExoSAP-IT treated PCR products (roughly 50 ng). Thermocycling
conditions consisted of 25 cycles of 96°C for 10 s, 50°C for 5 s and 60°C for 4 min. This
was followed by ethanol/EDTA precipitation clean-up to remove unincorporated dye-
labelled terminators. Briefly, this involved the addition of 5 ul of 125 mM of EDTA to
help stabilise extension products and 60 pl of absolute ethanol to precipitate DNA.
Reactions were then incubated at room temperature for 20 min, centrifuged at 12,000
x g for 20 min and supernatants discarded. The pellet was washed with 180 pl of fresh
70% v/v ethanol and centrifuged again at 12,000 x g for 15 min. The pellet was finally
dried using a 90°C heat block for 5 min. The reactions were then submitted to the
Ramaciotti Centre for Genomics, UNSW, Australia for sequencing on an Applied

Biosystems 3730 DNA Analyser (Applied Biosystems).
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4 Development of broad-spectrum non-nucleoside
inhibitors for positive-sense RNA viruses using /n

silico methods.
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4.1 Abstract

Viruses are a global human health burden, however, few have targeted antiviral
therapies. The current “one drug, one bug” approach is unsuitable given the increasing
incidence of emerging viral pathogens, instead, broad-spectrum strategies are
required. Viral RdRps are attractive drug targets due to their lack of mammalian
homologues and conservation across RNA viruses. For example, recent studies
repurposing HCV antivirals have identified an alternative allosteric binding site (Site-B)
conserved throughout Caliciviridae RdRps. This chapter aimed to utilise Site-B to
develop broad-spectrum antivirals against Caliciviridae. Pharmacophore models were
constructed using docking configurations of two antivirals predicted to bind within
Site-B (JTK-109 and TMC647055) within calicivirus RdRp crystal structures. These
models were used to virtually screen ~200,000 commercially available compounds.
Resulting structures were filtered based on molecular properties to identify “drug-like”
candidates and 33 “hit” compounds were selected for further study. These 33
compounds were initially tested for inhibition of human norovirus (NoV) RdRp, and
one promising compound (NCS-013) was trialled against feline calicivirus (FCV) RdRp to
assess cross-genera inhibition. NCS-013 inhibited both RdRps at 50 uM (NoV: 55.9 +
3.8%, FCV: 51.3 + 5.4%). Since the pharmacophore models were based on HCV-
targeting molecules, compounds were also examined against the RdRp of Zika virus
(Flaviviridae). Additionally, eight promising candidates were trialled against replicons
of HCV (Flaviviridae) and hepatitis A virus (HAV: Picornaviridae) to explore inter-family
inhibition. NCS-013 demonstrated inhibition of Zika virus RdRp at 100 uM (58.4 +
22.6%) and HCV/HAV replicons at 10 uM (62.5 + 23.6%, 45.6 + 10.1% respectively).
Due to the broad-spectrum inhibition displayed by NCS-013, it was used as a scaffold
for derivative searching, which identified a further 11 compounds for assessment. Of
these, NCS-013A demonstrated cross-family inhibition of HAV (58.9 + 17.7% at 10 uM)
and Zika virus (42.1 + 22.6% at 50 uM). This study identified two structures — NCS-013
and NCS-013A — with potential broad-spectrum activity. As these compounds target
three viral families, they could be useful as scaffolds for future broad-spectrum

antiviral discovery.
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4.2 Introduction
4.2.1 The urgent need for antivirals

The risk of viral epidemics from emerging and re-emerging viruses has never
been greater, as exemplified by the current coronavirus pandemic. Changing climates,
poor land use practices, deforestation and ever-increasing globalisation have brought
humans into closer contact with wild animals and arthropods, and as a result, the
viruses that they carry. Since the start of the millennium, several major epidemics of
emerging and re-emerging viruses have occurred in humans, a few examples include
SARS-CoV-1, SARS-CoV-2 and MERS-CoV (Coronaviridae), Zika virus (Flaviviridae), and
Marburg and Ebola viruses (Filoviridae). In addition, both wildlife and farmed animals
have also been affected, examples include H5N1 avian influenza (454), foot and mouth
disease virus in cattle (455), and African swine fever virus in pigs (456). During these
human epidemics, outbreak containment in many cases has been reliant on the
implementation of infection control precautions with varying degrees of success (457-
462). Concomitantly, the development of antiviral agents and vaccines was undertaken

to reduce the loss of human lives.

Approved antivirals exist only for a small number of human viruses including
hepatitis B virus (HBV), hepatitis C virus (HCV), some human papillomaviruses,
respiratory syncytial virus, some herpesviruses, human immunodeficiency virus (HIV),
influenza virus, and most recently SARS-CoV-2 (8-12). Despite the urgent need for
antiviral drugs to target these and other clinically significant viral families and future
emerging viruses, the reality is that the drug development process has never been

slower (463, 464).

4.2.2 The development of early antivirals

Since the approval of the first antiviral drug, idoxuridine, for the treatment of
viral eye infections including herpes simplex keratitis, by the US Food and Drug
Administration (FDA) in 1963, more than 118 antiviral drug therapies have been
formally approved (10, 11, 465). Historically, a number of the early antiviral
compounds were discovered serendipitously, for example the aforementioned

idoxuridine was first synthesised as a potential anticancer drug (466), as was adenine
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arabinoside (vidarabine) (467, 468), whilst acyclovir was originally designed to inhibit

adenosine deaminases to extend the half-life of vidarabine (469, 470).

4.2.3 Current strategies for antiviral development

Modern drug discovery, however, follows a more systematic approach. There
are three general approaches to the initial lead generation phase of drug discovery: 1)
ligand-based, 2) structure-based and 3) high-throughput screening (HTS) (148, 153,
154). Following successful identification of promising compounds, structure-activity
relationship studies can commence to improve the drug-like properties of active
compounds. The ligand-based approach relies on having a database of known
active/inactive compounds for quantitative structure-activity relationship studies
(153). From this, the chemical features required for activity may be discerned and
represented using pharmacophore models which can later be used to virtually screen
compound databases (155). Alternatively, the structure-based approach utilises
knowledge of the binding site and relies on the existence of high-quality protein
models. In this approach, libraries of compounds may be docked into the binding site
and scored based on their predicted protein-ligand interactions or pharmacophore
models may be generated based on the properties of the binding site (156, 471). Due
to an absence of sufficient knowledge of both existing ligands and the binding pocket
itself, a combination of ligand- and structure-based methods (termed complex-based)

was used in this research to develop calicivirus antivirals.

4.2.4 Classes of antiviral compounds and their broad-spectrum potential

The most important consideration when designing antivirals is the choice of
target. Antiviral compounds can be broadly classified into two groups — host-targeting
antivirals and direct-acting antivirals (DAAs), and this research utilised a DAA approach.
DAAs work by targeting highly specific viral proteins, commonly the protease or
polymerase. Major successes in suppressing HIV in infected patients and curing HCV
infection within 8-12 weeks have demonstrated the enormous societal benefit and
antiviral potency of this group of antivirals (110-112). By targeting viral proteins
instead of the host, a reduced side-effect profile is observed, leading to better

treatment outcomes and drug adherence (87, 88).
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The RNA-dependent RNA polymerase (RdRp) is an attractive target for antiviral
development as it is highly conserved across viral families and there are no mammalian
host homologues, minimising off-target effects. There are two classes of antivirals that
act on the polymerase — nucleoside analogues (NAs) which are incorporated during
viral replication, causing chain termination, and non-nucleoside inhibitors (NNIs) which
bind allosterically to the RdRp to prevent conformational changes that are necessary
for replication (472). Although DAAs are not classically believed to exhibit broad-
spectrum activity due to the highly specific nature of their viral targets, recent studies
repurposing existing antivirals for use against new viral targets have indicated the

potential broad-spectrum activity of several of these compounds (473-475).

Many of the more broad-spectrum antivirals are NAs (120, 476-478) and this is
not surprising due to the nature of polymerase active sites, where all incoming
nucleotides or NAs bind, which are surrounded by several highly conserved motifs
(479). More recently however, studies examining the potential for repurposing existing
antiviral compounds have shown that as well as NAs, NNIs can also display broad-
spectrum activity, not only across species or genera within the same viral family (480-
482), but also across different viral families (147, 483). This illustrates the potential for
developing broad-spectrum NNIs to address the lack of calicivirus antivirals, a family of
viruses central to this thesis. Previous work has demonstrated that HCV NNIs (thumb 1
RdRp inhibitors) JTK-109, TMC647055 and Beclabuvir also possessed broad-spectrum
antiviral activity against several different calicivirus RdRps (147). The study also
provided strong evidence that the binding site of these compounds is positioned
within a highly conserved RdRp pocket within the thumb domain which was termed

Site-B (Figure 4.1) (114, 147).
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Figure 4.1. Location of the NNI binding pocket Site-B in the calicivirus RdRp.

The NNI binding pocket Site-B is represented by a grey sphere and is positioned within the
thumb region. Interacting Site-B residues, GIn414 and Arg419 are represented by red sticks
and labelled. The fingers (yellow), palm (blue) and thumb (pink) domains on human norovirus
Gll.4 RdRp (PDB-ID: 4LQ9) (114) are shown. The locations of the conserved RdRp motifs are
circled. Ribbon diagram was generated using the Discovery Studio 2017 R2 software suite
(Dassault Systémes, BIOVIA Corp).

4.2.5 Aims

The overall aim of this chapter was to identify promising broad-spectrum NNIs
against positive-sense RNA viruses, and initially focused on Caliciviridae. To achieve
this aim, a series of complex-based pharmacophores were constructed using predicted
binding configurations of JTK-109 and TMC647055 within calicivirus RdRp crystal
structures and then used to virtually screen approximately 200,000 commercially
available structures. Selected compounds were first examined for antiviral activity
against human norovirus RdRp. Compounds that successfully inhibited human
norovirus RdRp were also trialled against feline calicivirus to uncover cross-genera
inhibition. To further identify compounds with broad-spectrum activity, all compounds
in the study were also examined for inhibition of the Zika virus RdRp. Additionally,
promising compounds were also examined for inhibition of HCV genotype 2a (G2a) and

hepatitis A virus (HAV) replication, using a replicon model in liver Huh7 cells.
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4.3 Methods
4.3.1 Multiple sequence alignment

To identify the conserved residues that form the allosteric binding pocket, Site-
B, and corresponding residues across calicivirus RdRp structures, a multiple sequence
alignment was performed for human norovirus, sapovirus (SaV), rabbit haemorrhagic
disease virus (RHDV) and murine norovirus (MNV) (Table 4.1). The protein sequences
were downloaded in the FASTA format from the relevant entry on the Protein Data
Bank (PDB, www.rcsb.org) (484). The sequence alignment was conducted using Clustal

Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) (485). The structures used in the

current study are summarised in Table 4.1.

Table 4.1. Crystal structures used for docking and sequence analyses.

PDB ID RdRp origin Resolution (A) Reference
4LQ3 Human norovirus Gll.4 2.60 (114)
4LQ9 Human norovirus Gll.4 2.04 (114)
3UQS Murine norovirus CW1 2.00 (486)
404R Murine norovirus CW1 2.40 (487)
1KHV Rabbit haemorrhagic disease virus 2.50 (488)
2CKW Sapovirus 2.30 (489)

4.3.2 Preparation of structures and docking

All computational work was carried out using Discovery Studio (DS) 2017 R2
software suite (Dassault Systemes BIOVIA Corp, CA, USA). Crystal structures for
calicivirus RdRps were downloaded from the PDB (Table 4.1). Water molecules and
other co-crystallised molecules were removed, and hydrogens were added. A large
binding pocket was defined from residues chosen using visual inspection to encompass
Site-B. Residues Lys166, Arg392, Serd410, Argd13, GInd14, Argd19 and Asn505 were
chosen (residues are named and numbered by position on 4LQ9 crystal structure).
Equivalent residues identified from the multiple sequence alignment were used for the
other  calicivirus RdRps. The ligands were sketched, appropriately
protonated/deprotonated and minimised using the Smart Minimiser and the CHARMM
force-field (490) in DS with default settings prior to docking.
Protonation/deprotonation states were determined by checking estimated pKa using

ChemDraw v17.1 (PerkinElmer).
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Docking was performed using the program GOLD (Cambridge Crytallography

Data Centre, UK, www.ccdc.cam.ac.uk) (491) through the DS interface (Figure 4.2).

Ligands were docked using default parameters except for the number of runs (set to
100); ‘Detect Cavity’ and ‘Early Termination’ (set to ‘False’); and ‘Flexibility’ which was
fully enabled. In each instance, the pose with the highest GoldScore in the largest
cluster was chosen for further analysis of receptor-ligand interactions. Clustering was

performed at approximately 2A root mean square deviation (RMSD) of heavy atom:s.

4.3.3 Generation of complex-based pharmacophores and virtual screening

Pharmacophores are representations of the spatial arrangement of features
necessary for ligand-receptor binding. Complex-based pharmacophore are based on
the docking interactions between a ligand and receptor. Complex-based
pharmacophore generations and virtual screening were performed independently
using two programs, Discovery Studio and LigandScout (LS) and used to screen the

publicly available SPECS database (www.specs.net). The initial virtual screening and

compound selection process is summarised in Figure 4.2.

4.3.3.1 Pharmacophore generation using DS

The selected poses from the JTK-109 anion and TMC647055 dockings were
used to generate complex-based pharmacophores using the ‘Receptor-Ligand
Pharmacophore Generation’ protocol in DS. Pharmacophores were generated using
default setting except ‘Maximum Features’ which was set to 15 and ‘Minimum
Interfeature Distance’ which was set to 1.5A. The pharmacophore containing all

features was used in each case for further database screening.

4.3.3.2 Pharmacophore generation using LS

The selected poses from the JTK-109 anion and TMC647055 docking runs were
also used to generate pharmacophores using LigandScout 4.1.10 software (Inte:Ligand
GmbH) (492). The protein and docked ligand were saved separately and imported into
LigandScout. The active site was defined using the same binding pocket residues, as in
section 4.3.2. Both the protein and docked ligand were minimised using the ‘Minimise
MMFF94 Energy of Core Molecule and Side Chains’ option before generating the

pharmacophore using the automated pharmacophore generation procedure.
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4.3.4 Virtual screening

The SPECS database (www.specs.net) containing 196,650 compounds was used

for virtual screening and database preparation was previously performed by Dr Drwal
(a former group member) (493). The database was then screened with the
pharmacophores generated in DS and LS to identify compounds with novel scaffolds
that matched the pharmacophores. To reduce the large hit-lists into a reasonable
number for biological testing, the database was screened sequentially if necessary. The

virtual screening process is summarised in Figure 4.2.

4.3.4.1 Virtual screening using DS

DS utilises the ‘Catalyst’ searching algorithm to perform database screening,
which involves a rapid preliminary screening process followed by a rigorous atom by
atom mapping of the compounds to the pharmacophore query (494). Stepwise
screening of the SPECs compound database was performed using the ‘3D Database
Search’ protocol in DS for both the JTK-109 and TMC647055 set of pharmacophores
previously generated in DS. Pharmacophores were used sequentially starting from the
least restrictive pharmacophore (i.e., least features) to the most restrictive. This
process was repeated until either all pharmacophores were utilised or until there were
fewer than 100 compounds remaining. If a reduction of the number of hits below 500
was not achieved after all pharmacophores were sequentially screened, then all

resulting hits were excluded from further consideration.

4.3.4.2 Virtual screening using LS

A stepwise approach was not possible in LS since the pharmacophores
generated in LS were generally more restrictive (more features) resulting in far fewer
hits, sometimes yielding none. When this occurred, the pharmacophore was modified
to be less restrictive, this was repeated until the pharmacophore returned hits. As a
result, database screening was performed with each pharmacophore separately and
the resulting hits were combined. In instances where the number of hits found was
greater than 200, the largest hit list was then compared with the second largest hit list

and only the hits common to both lists were considered for further analysis.
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Figure 4.2. Virtual screening process.

Two sets of compounds, 34 in total were selected for in vitro analysis. The first set contained
11 compounds which were selected following all seven steps of the virtual screening process.
The second set (n=23) was chosen using relaxed step 5 criteria and were not required to
undergo step 6. The virtual screening process was as follows: Step 1) NNI compounds JTK-109
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and TMC647055 were docked into six different calicivirus RdRp crystal structures (PDB IDs
NoV: 4LQ3, 4LQ9; MNV: 3UQS, 404R; RHDV: 1KHV; RCV: 2CKW). Step 2) Predicted protein-
ligand interactions were examined. Step 3) Two sets of pharmacophores were constructed
from JTK-109 and TMC647055 independently using DS and LS. Step 4) The pharmacophore
models were used to independently screen the SPECs compound database in both DS and LS.
After sequential screening of the TMC647055 pharmacophores in DS, the number of
compound hits did not reduce below 500 and so all resulting hits were excluded from further
consideration and marked with a red cross. Step 5) The compound hitlists were combined, and
various molecular filters applied. Step 6) Compounds were docked into the six calicivirus RdRp
crystal structures and examined for interactions with Site-B residues. Step 7) Compounds were
purchased for in vitro testing.

4.3.5 Initial antiviral compound selection

All resulting compound lists were combined into a single hitlist (n=291) and
filtered using a combination of molecular properties and substructure filters (Figure
4.2). This hitlist was first clustered in LS using default settings, LS clusters compounds
based on similar 3D pharmacophore features. After clustering the molecular weight
(MW), partition coefficient for n-octanol/water (logP) and compound partition
coefficient (ClogP) values of the compounds were checked and any compounds with
MW>450 daltons (Da) or logP and ClogP>5 were excluded. The logP and ClogP values
for each compound were determined using the chemical properties window in

ChemDraw.

Compounds bearing some similarity to the original JTK-109 and TMC647055
were found using the “Find similar molecules by fingerprints” protocol in DS using the
Tanimoto coefficient with default settings except for minimum similarity which was set
to 0.30. These compounds (n=103) were then uploaded to the FAF4drugs server

(http://fafdrugs4.mti.univ-paris-diderot.fr/) (495, 496) where they were filtered using

the Pan Assay Interference Compounds (PAINS) A and undesirable substructures
moieties filters. The remaining compounds were examined for clustering and in cases
where more than one compound belonged to the same cluster, the compound with

the lower MW was selected for molecular docking analysis.

All remaining compounds (n=26, Figure 4.2) were then appropriately
protonated and minimised using the CHARMM force-field and docked into the protein
structures prepared previously in section 4.3.2. Docking was first performed using

default parameters (10 runs) except for ‘Detect Cavity’ and ‘Early Termination’ which
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were set to ‘False’. The top pose in the largest cluster was then examined for
interactions with Arg392, GIn414 and Arg419 (or equivalent) across the six protein
structures. Compounds making interactions across several structures were selected for
more extensive docking analyses (100 runs). The top pose in the largest cluster was
evaluated for interactions with the same residues and those that made interactions
across several crystal structures (n=11, Figure 4.2) were purchased at 290% purity for

in vitro examination.

4.3.6 Selection of second set of antiviral compounds

Following testing of the initial set, an additional group of compounds was
chosen using more relaxed criteria (Figure 4.2). Maximum compound MW was
increased to 500 Da whilst logP, ClogP and Tanimoto similarity with JTK-109 and
TMC647055 were no longer considered. Compounds were still uploaded to the
FAFAdrugs server (495, 496) and PAINS filter A and undesirable substructures moieties
filters were applied. The remaining compounds were examined for clustering and in
cases where more than one compound belonged to the same cluster, the compound
with the lower MW was selected. To increase the scope of structures tested,
compounds belonging to the same cluster as the initial set were also excluded. These
compounds were not required to pass a two-step docking analysis. Finally, the
remaining compounds (n=23), those that were not filtered out, were purchased at

>90% purity for in vitro testing (Figure 4.2).

4.3.7 Recombinant human norovirus Gll.4 Sydney 2012 RdRp protein

expression and purification

Human norovirus Gll.4 Sydney 2012 RdRp (GenBank accession KT239579) was
previously cloned into the expression vector pET26b+ and transformed into NEB T7
Express Escherichia coli (E. coli) (497). Overnight cultures of E. coli (5 mL, grown in LB
broth containing 100 pg/mL kanamycin) were diluted 1:100 in LB broth containing
kanamycin and incubated at 37°C, shaking at 200 rpm until the ODesgo reached
approximately 0.8. Protein expression was induced with 1 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG) at 20°C for 21 hours and shaking at 200 rpm. Cells were

collected by centrifugation and stored at -80°C until use.
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The bacterial pellet was resuspended in 1x CelLytic B buffer containing 50 mM
Tris-HCI (pH 8.0), 20 mM NaCl, 2 mM MgCl,, 200 mg/mL of lysozyme, 50U/mL of
Benzonase, 2 ug/mL of RNase A solution, 10 mM DTT, 0.1% Triton-X and 1x EDTA-free
protease inhibitor cocktail solution. Resuspended cells were incubated at room
temperature for 30 minutes on a platform shaker at 100 rpm to allow for chemical
lysis. Lysates were clarified by centrifugation at 18,400 g for 30 minutes at 4°C.
Following centrifugation, NaCl and imidazole concentrations were adjusted to 500 mM

and 10 mM respectively.

The lysate was loaded onto a Ni?** column and purified with an imidazole
gradient (10-300 mM) using an AKTA start dual-buffer system as described in (483) at
the Recombinant Products Facility, UNSW, Sydney. The equilibration buffer contained
50 mM Tris-HCI, 500 mM NaCl, 5% glycerol (v/v), 0.1% Triton-X (v/v) and 10 mM
imidazole. The elution buffer was composed of equilibration buffer with 300 mM
imidazole. Presence of the norovirus RdRp in the eluate was verified by western blot
analysis. Briefly, protein samples were mixed with equal volumes of sample loading
buffer and resolved on a 12% SDS-PAGE gel (Bio-Rad, CA, USA). Proteins were
transferred from the gel onto a nitrocellulose membrane by electrophoresis (1 hour at
110 V) in Tris/Glycine buffer containing 20% (v/v) methanol. The membrane was then
blocked at room temperature for 1 hour in 5% (w/v) skim milk powder dissolved in PBS
with 0.1% (v/v) Triton X-100 (PBS-T). The membrane was washed three times in PBS-T
for 5 minutes each, and then incubated for 1 hour with a 1:20,000 dilution of mouse
monoclonal anti-polyHistidine horseradish peroxidase antibody (Sigma-Aldrich, St.
Louis, MO, USA). The membrane was washed with PBS-T again and blots were
developed with Immobilon Western Chemiluminescent HRP Substrate (Merck,
Darmstadt, Germany). Imaging was performed using a LAS500 Imaging System (GE

Healthcare, Little Chalfont, UK).

The purified protein was then dialysed to remove imidazole using a Pur-a-lyser
kit using two buffers with decreasing concentrations of NaCl (150 or 50 mM NaCl, 5%
glycerol (v/v), 0.1% Triton-X (v/v), 50 mM Tris-HClI and 1 mM DTT) and concentrated
using an Amicon® Ultra centrifugal filter (10 kDa cut-off, Millipore, Tokyo, Japan). All

buffers used during purification and dialysis were prepared at pH 7.2. The final protein
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concentration was determined using a BCA Protein assay kit (Life Technologies). The

RdRp was then aliquoted and stored at -80°C.

4.3.8 Recombinant Zika virus RdRp protein expression and purification

The coding sequence of Zika virus RdRp was derived from the African reference
strain MR766 (GenBank accession LC002520) and modified to remove the 29 kDa N-
terminal MTase domain. This was then cloned into expression vector pET24a+ and
transformed into in E. coli strain BL21 (498). Protein expression and purification was
performed as described in section 4.3.7 except for the use of Terrific Broth as the
growth media and an induction temperature of 16°C. The imidazole gradient used for
purification was also different (5-500 mM) and so the imidazole concentration in the

equilibration and elution buffers were adjusted accordingly.

4.3.9 Human norovirus Gll.4 RdRp fluorescent transcription activity assay

Following protein purification and quantification, the activity of the purified
RdRp was confirmed using a fluorescent transcription activity assay with varying
amounts of RdRp (200 ng to 1600 ng). In this assay, the formation of dsRNA was
guantified using a fluorescent dye PicoGreen (Life Technologies) which binds to dsRNA,
as described in (499, 500). The RdRp was first incubated with test compound or 0.5%
DMSO control for 10 minutes at room temperature before the addition of the
remaining reaction mixture containing the RNA template, ribonucleotide triphosphates

and co-factors.

Each reaction (25 pl) was performed in black-bottomed 384-well plates
containing 400ng of RdRp, 20 mM Tris-HCI (pH 7.5) 250 ng poly(C), 0.25 mM rGTP, 5
mM DTT, 2.5 mM MnCl,, 0.005% Tween 20 (v/v), 0.01% BSA (v/v). Reactions were
incubated for 1 hour at 30°C followed by termination of polymerase activity with 28
mM EDTA. PicoGreen dye was then added and incubated for 5 minutes protected from
light. Fluorescence was then measured using a POLARstar Omega microplate reader
(BMG Labtech, Ortenberg, Germany) (excitation: 480 nm, emission: 520 nm). Heat-
inactivated RdRp was used as the negative control and to provide baseline

fluorescence levels for test compounds. PPNDS, a known NNI (114) was used as a
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positive inhibition control. Reactions were performed in triplicate. All statistical

calculations were performed using Graphpad Prism software (v9.0.0).

All compounds were dissolved in 100% DMSO at 20 mM. The first set of
compounds (n=11, Figure 4.2) were tested in a preliminary screen at final
concentrations of 10 uM and 100 uM. The second set of compounds (n=23) were
tested in a preliminary screen at 10 uM and 50 puM. A third set of compounds (n=11,
detailed later in section 4.3.15) obtained from a similarity search was also tested at
fixed concentrations 10 uM and 50 uM. The percentage inhibition of RdRp activity

after treatment with test compounds was calculated using the following equation:

100 X (sample well — mean treatment NSA)
mean MA — mean DMSO NSA

Percentage inhibition = 100 —

Where NSA = non-specific activity (background fluorescence) and MA = maximal

activity (DMSO control).

4.3.10Fluorescent transcription activity assays for measuring calicivirus

RdRp replication

After compounds were examined for inhibition of the activity of human
norovirus RdRp, promising hits were also trialled against the RdRp of another member
of the Caliciviridae family. This included feline calicivirus, which belongs to a different
genus Vesivirus. Reaction setup for transcription assays was as described in section
4.3.9. Additionally, for binding studies, promising hits were also tested against the
human norovirus Gll.4 Sydney 2012 Q414A and R419A mutants that were generated
previously in our laboratory (147). Reaction setup for these assays was as described in
section 4.3.9, except for the amount of RdRp which was increased to 800 ng per

reaction. Graphpad Prism (v9.0.0) was used to plot the ICso values.

4.3.11Zika virus fluorescent RdRp activity assay

Selected compounds were also tested for inhibition of Zika virus polymerase
activity using the fluorescent transcription assay. Reactions and calculations were
performed as described in section 4.3.9 except for the RNA template and
ribonucleotide triphosphates concentrations which were 12 ng polyU and 66 uM rATP

instead. Compounds from the first (n=11) and second set (n=23) were tested for
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inhibitory activity in a preliminary screen at 10 uM and 100 pM. A third set of
compounds (n=11) obtained from a similarity search was tested for inhibition of RdRp
activity at fixed concentrations 10 uM and 50 puM. Heat-inactivated RdRp was used as
the negative control and to provide baseline fluorescence levels for test compounds
and PPNDS, a known NNI (114) was used as a positive inhibition control. Each reaction

was performed in triplicate.

4.3.12Measuring HAV and HCV G2a replicon activity

Pilot replicon activity assays were conducted to determine the optimal replicon
concentration for use in inhibition assays. Viral replicons are self-replicating sub-
genomic viral RNA, where the structural proteins have been deleted or replaced with a
reporter gene such as firefly luciferase. Human hepatocyte Huh7 cells were maintained
indefinitely in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10%
(v/v) foetal bovine serum, 2 mM Glutamax and 10 mM HEPES. Huh7 cells were seeded
in 96 well plates at a density of 5,000 cells per well in 100 uL of complete DMEM and
incubated for 24 hours at 37°C. Milli-Q water was added to the wells along the edge of

the plate to offset the edge-effect and prevent evaporation from reaction wells.

Transfection solutions contained replicon RNA, Boost, TransIT from the TransIT
RNA transfection kit (Mirus Bio LLC, Madison, WI, USA) and serum-free DMEM. The
solution was incubated at room temperature for 2.5 minutes to allow the transfection
complexes to form before 10 pL of transfection solution was added to each well. Wells
without RNA were used to confirm successful transfection and plates were incubated

at 37°C for 72 hours.

Media was then removed from each well and cells were washed with 100 pL
PBS. Cell lysis buffer (50 pL) was added to each well and the plate was rocked for 10
minutes protected from light. Plates were transferred to a POLARstar Omega
microplate reader where luciferase assay solution (100 pL) (Promega, Madison, WI,
USA) was injected into each well and luminescence output was recorded. Each

reaction was performed in quadruplicate.

70



4.3.13Examining compound inhibition of HAV and HCV G2a replication

using a replicon model

Compounds that displayed any dose-dependent inhibition of norovirus or Zika
virus polymerase activity were also tested for antiviral activity using the HAV and HCV
G2a replicons in cell culture studies. The HAV replicon based on strain HM175 18f
(GenBank accession M59808) and containing a luciferase reporter gene in place of the
HAV P1 domain was kindly provided by Prof. Dr. Volker Lohmann (University of
Heidelberg, Germany) (Figure 4.3A) (501). The tricistronic HCV G2a replicon (tri-JFH1)
containing neomycin resistance and luciferase reporter genes was kindly provided by

Prof. John McLauchlan (The University of Glasgow, Scotland) (Figure 4.3B) (502).

(A) P1 P2 P3

> o o o 3
Ly Ly >

HAV genome — E -

5 NTR PolyA
HAV replicon —| Luc | 2A E
(B) P Nonstructural N
« L
Structural N P Minimum sequence of replication R
ENTR - = - o 3 NTR
HCV genome NS2 NS3 NS5A NS5B
EMCV EMCV
IRES IRES

_ BNTR v A FNTR

Figure 4.3. Schematic representation of HAV and HCV G2a replicon constructs.

The genome and replicon organisation are shown for (A) HAV and (B) HCV. In each instance the
genome is presented above with the structure of each replicon below. The different coloured
boxes represent different viral proteins, whilst the grey boxes represent reporter genes and
selectable markers. For clarity, gene regions and non-translated regions are not drawn to
scale. Abbreviations: IRES, internal ribosome entry site; NTR, non-translated region; Luc,
luciferase; EMCV, encephalomyocarditis virus.

Huh? cells were seeded onto plates and transfected with either HAV or HCV
G2a replicon RNA as described in section 4.3.12. Compounds were prepared by
dilution in complete DMEM to 30 uM. Four hours post transfection, 50 uL of diluted
compound was added to each well (final compound concentration 10 uM) and plates
were gently rotated to facilitate mixing. Plates were then incubated at 37°C for a
further 72 hours. Cells were then lysed, and bioluminescence output measured as

detailed in section 4.3.12. BCX4430, an adenosine analogue with broad-spectrum
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activity against a range of RNA viruses (503), was used as a positive control for
inhibition. Reactions were performed in quadruplicate. All statistical calculations were
performed using Graphpad Prism software (v9.0.0). The percentage inhibition of
replicon activity after treatment with test compounds was calculated using the

following equation:

100 X (sample well — mean untransfected)

P t . h.b .t- — 100 —
ercentage inhipition mean DMSO control

4.3.14Examination of compound cytotoxicity

Cytotoxicity assays were performed in parallel to determine if compounds were
toxic to Huh7 cells. Cells were seeded at a density of 5,000 per well onto 96 well plates
and incubated at 37°C for 24 hours as described in section 4.3.12. Test compounds
were prepared and added to each well as described in section 4.3.13. Maximum cell
viability was determined using wells containing no additional compounds. Plates were

incubated at 37°C for a further 72 hours.

Cell titre blue reagent (Promega) was prepared by diluting 1:6 in complete
DMEM. Media was then removed from each well and 80 uL of cell titre blue solution
was added. Plates were further incubated at 37°C for 2 hours before output was
measured using the POLARstar Omega plate reader at 560 nm. Reactions were
performed in quadruplicate. All statistical calculations were performed using Graphpad
Prism software (v9.0.0). The percentage cell survival was calculated using the following

equation:

100 x sample well

Percentage survival =
g mean DMSO control

4.3.15Searching for similar compounds

The most successful hit (NCS-013) was then used as a basis for further antiviral

compound searching on eMolecules (https://www.emolecules.com/), a compound

search engine containing >8 million molecules from a variety of chemical suppliers
(Figure 4.4). The 2D chemical structure was used to search the chemical space for

molecules with a similarity score 20.7 (Figure 4.4). Molecular property filters were also
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applied (400sMW=<500, AlogP<5). These molecules were then uploaded to the

FAF4drugs server (495, 496) and the PAINS filter A and undesirable substructure

moieties filters were applied (Figure 4.4). Eleven compounds passing filters and readily

available from either the SPECs or ChemBridge libraries were purchased at >90% purity

for testing as part of the third set (Figure 4.4).
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Check compound availability

Purchased for in vitro testing

Figure 4.4. Searching the chemical space for similar molecules available on catalogue.

The 2D chemical structure of NCS-013 was used to query the eMolecules chemical search
engine for similar molecules. The resulting compound list was then filtered using molecular
properties and substructure filters, leaving 24 compounds remaining. Of these, 11 readily

available compounds were purchased for in vitro examination.
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4.4 Results
4.4.1 Multiple sequence alignment

Prior to docking studies, it is important to identify the equivalent binding
residues that form the Site-B across different calicivirus RdRp structures (Table 4.1). To
achieve this, protein sequences were aligned using Clustal Omega and key motifs were
examined. All the motif regions A-F (504) were well conserved across the sequences
examined, of these, motifs F, C and E are located around the Site-B pocket (Table 4.2).
Additionally, non-motif Site-B residues GIn414 and Arg419 previously shown to play a
role in the binding of JTK-109 (147) were also highly conserved across the calicivirus
RdRps examined (Figure 4.1, Table 4.2). Amino acid and positions were based on the

human norovirus RdRp crystal structure 4LQ9 (114).

Table 4.2. Conserved motifs and residues around Site-B in calicivirus RdRps.

Source Motif F Motif C Motif E Non motif
virus

Norovirus 166  KDELVKTDKIY..RLLWG 341 YGDD 396 FLRR 410 SILRQMYWTR

SaV 167 KDELRPIEKIY..RLLWG 345 YGDD 392 FLKR 412 SITRQFYWLK
MNV 166  KDELVKPDKNK..RLLWG 341 YGDD 390 FLRR 410 SIDRQLLWTK
RHDV 173  KDELRPLDKVK..RLLWG 352 YGDD 401 FLKR 421  SILRQLEWSK

Amino acid codes are coloured based on conservation - red: conserved residues, blue: similar residues.

4.4.2 Docking of NNIs and JTK-M into calicivirus RdRps: interaction with

Arg392 also important for activity?

This present work sought to identify important binding interactions to develop
pharmacophore models and find broad-spectrum NNIs against caliciviruses. Therefore,
JTK-109, TMC647055 and Beclabuvir (Figure 4.5) which have previously been
demonstrated to have broad-spectrum activity against calicivirus RdRp and bind
putatively within Site-B (147) were docked into the same site on calicivirus RdRp
crystal structures (Table 4.3). An additional compound JTK-M (Figure 4.5), which is a
smaller structural analogue of JTK-109 with negligible inhibitory activity was also
investigated to compare differences in the binding modes of JTK-109 and JTK-M to

identify chemical features critical to inhibitory activity (Figure 4.6, Table 4.3).
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The highest scored pose in the largest cluster for each crystal structure was
examined for its predicted protein-ligand interactions (six poses in total) (Table 4.3),
and in particular, interactions with resistance mutations GIn414 and Arg419 (147).
Although, the ligands made few interactions with GIn414, the frequency of interaction
with Arg419 correlated with NNI ICso and broad-spectrum activity. JTK-109 interacted
with Arg419 in five of the six poses examined, followed by TMC647055 (n=3/6) and
Beclabuvir (n=2/6) (Table 4.3). Likewise, JTK-109 possesses the lowest ICso and
broadest activity, followed by TMC647055 and Beclabuvir (147) (Figure 4.5). However,
JTK-M, an analogue of JTK-109 which has no inhibitory activity also frequently
interacted with Arg419 (n=5/6).

The ligands were also found to make interactions with residue Arg392 (Table
4.3), which is part of motif E and implicated to play a role in binding the priming
nucleotide (505-507). JTK-M (n=2/6) made fewer interactions with Arg392 compared
to JTK-109 (n=4/6) (Table 4.3) and occupied a much smaller area of the Site-B binding
pocket (Figure 4.6). JTK-109 was also the only ligand that interacted with the adjacent
motif E residue, Arg391 (n=2/6).

Although the NNIs were found to interact with similar residues of the six
different crystal structures, the ligands themselves were oriented differently within the
large Site-B such that different chemical groups interacted with the same protein
residues. Whilst TMC647055 interacted with two residues around Site-B, by inspection,
it was not positioned within Site-B of the RHDV crystal structure 1KHV using the

parameters described in section 4.3.2.
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JTK-109 TMC647055
MW: 638.1 MW: 606.7
I,y 4.3 1M IC,,: 28.3 uM

JTK-M Beclabuvir
MW: 426.5 MW: 659.8
IC,,: >100 pM IC,,: 23.8 UM

Figure 4.5. Compounds used in the initial docking study.

The chemical structure and molecular weight for each compound is shown. The compound ICso
against the human norovirus Gll.4 Sydney 2012 RdRp is also indicated (147).

Figure 4.6. Possible binding configurations of compounds JTK-109 and JTK-M on the
human norovirus RdRp.

The compounds JTK-109 (red) and JTK-M (green) were docked into Site-B on the human
norovirus RdRp crystal structure (PDB ID: 4LQ9) (114). JTK-109 stretches from the Site-B pocket
down towards the active site of the RdRp whereas JTK-M is positioned within Site-B only.
Docking was performed using the program GOLD through the Discovery Studio interface. The
binding configuration obtained from the highest scored pose in the largest cluster is shown.
The locations of conserved motifs and residues around Site-B motifs are labelled.
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Table 4.3. Summary of predicted favourable docking interactions between antiviral

compounds and conserved residues on calicivirus crystal structures.

Compound

Motif?

Equiv.
residue
for 4LQ9

Viral RdRp

Norovirus

SaVv

MNV

RHDV

4LQ3

4LQ9

2CKW

3UQsS

404R

1KHV

JTK-109

Lys166

X

Aspl67

X

Glul68

X

Leul69

Argl82

>

Tyr341

>

>

Leu391

>

>

mimO|m|mMm({m ||

Arg392

Non

Arg413

Non

GIn414

Non

Arg419

>

Non

Arg4d36

TMC647055

Lys166

Aspl67

Glul68

Leul69

Argl82

Tyr341

Leu391

mim O mMm({m|m™ |

Arg392

X

Non

Argd13

Non

Gln414

Non

Argd19

X

Non

Arg436

Beclabuvir

Lys166

Aspl67

Glul68

Leul69

Argl82

>

Tyr341

Leu391

mimO|mMm| MMM |

Arg392

X

X

Non

Argd13

Non

GIn414

Non

Arg419

Non

Arg4d36

JTK-M

Lys166

Aspl67

>

Glul68

Leul69

Argl82

O|/m|mMm|mMm|m|(™m

Tyr341
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Compound | Motif? | Equiv. Viral RdRp

residue Norovirus SaV MNV RHDV
for 4LQ9 4LQ3 | 4LQ9 2CKW 3UQS | 404R | 1KHV

E Leu391

E Arg392 X X

Non Arg413 X X X

Non Gln414

Non Arg419 X X X X X

Non Arg4d36 X

2 etter designates the motif, “non” refers to non-motif residues.
For clarity, coloured shading is used to indicate different motif/non-motif groups.

4.4.3 Pharmacophore generation and virtual screening using DS

Following docking of the HCV NNIs into Site-B of the six calicivirus RdRps,
pharmacophores were generated using the highest scored pose in the largest cluster
for each JTK-109 and TMC647055 docking, except for TMC647055 into 1KHV which
failed to bind in Site-B (Figure 4.7). Beclabuvir was excluded because it had poor
inhibitory activity against MNV and RHDV (ICso >100 uM) (147) and hence did not

demonstrate the broad-spectrum activity desired.

Six pharmacophores for JTK-109 and five pharmacophores for TMC647055
were generated (Figure 4.7). The TMC647055 and JTK-109 pharmacophore sets were
used to sequentially screen the SPECs database containing 196,650 compounds until
there were less than 100 compounds remaining (Figure 4.7). Since the most restrictive
pharmacophore for TMC647055 failed to reduce the number of hits below 500, this set
was excluded from further consideration. Therefore, a total of 86 compounds were

included for further consideration (Figure 4.7).
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1KHV — 3UQs = 86 compounds from
174 compounds 86 compounds JTK-109 set

2CKW

41Q3
44754 compounds

3UQs 404R

3 39498 compounds 3 13587 compounds
\ V')

—>

>500 compounds from
4LQ% 2CKwW TMC647055 set
_> —>
5063 compounds 4645 compounds exclude from consideration

Figure 4.7. Complex-based pharmacophores generated using Discovery Studio and
virtual screening results.

Pharmacophores were generated based on the highest scored docked pose in the largest
cluster. The PDB ID of the crystal structures is shown below each pharmacophore. The number
of compounds found using each of the pharmacophores is also shown. (A) Six pharmacophores
were generated from JTK-109. (B) Five pharmacophores were generated from TMC647055.
Hydrophobic features are shown as light blue, negative ionisable features in dark blue, ring
aromatic (RA) features in orange, hydrogen bond donor (HBD) feature in pink and hydrogen
bond acceptor (HBA) features in green. The spheres depict the location constraint of each
feature. RA, HBA and HBD features are made up of two mesh spheres, the first sphere is
located at the atoms which correspond to the ligand with the arrow representing a vector
pointing away to a second sphere where atoms of a target can potentially form interactions
with the atom of the ligand.

4.4.4 Pharmacophore generation and virtual screening using LS

The top scoring poses used in section 4.4.3 were also used to generate

pharmacophores in LS. As was the case for DS, six pharmacophores for JTK-109 and
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five pharmacophores for TMC647055 were generated (Figure 4.8). A total of 205
compounds were found through the LS screen (Figure 4.8). Since a stepwise approach
was not possible in LS, pharmacophores were used to screen the SPECs database
independently and the resulting compound lists combined. However, in the case of
TMC647055:2CKW and TMC647055:3UQS, both pharmacophores were too lenient in
terms of chemical features i.e., did not reduce the number of compounds <200.

Therefore, only the seven compounds that were common to both pharmacophores

were included for further consideration (Figure 4.8).

ace @
2 compounds 8 compounds

3uas + 404R + 1KHV _ 25 compounds from
6 compounds JTK-109 set

4108 3uas N ' 2CKW

+ 416 compounds 5964 compounds +
{7 compounds)
%
404R o + 4103 - _ 180 compounds from
13 compounds 138 compounds - TMC647055 set

Figure 4.8. Complex-based pharmacophores generated using LigandScout and virtual
screening results.
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Pharmacophores were generated based on the highest scored docked pose in the largest
cluster. The PDB ID of the crystal structures is shown below each pharmacophore. The number
of compounds found using each of the pharmacophores is also shown. (A) Six pharmacophores
were generated from JTK-109. (B) Five pharmacophores were generated from TMC647055.
Hydrophobic features are shown as yellow spheres, aromatic rings are shown as dark blue
rings, hydrogen bond acceptors are depicted using red arrows and small red spheres, which
represent a vector pointing to the hydrogen bond acceptor depicted by the red sphere. The
grey spheres represent excluded volumes where there is insufficient space for the ligand to
extend.

4.4.5 The first set of compounds: compound selection and inhibition of

norovirus RdRp activity.

The lists of compounds found using DS and LS were combined (291
compounds) and clustered based on 3D pharmacophore features into 130 different
clusters using LS (Figure 4.2). The compound list was then filtered based on molecular
properties and clustering, resulting in 26 compounds remaining. These compounds
underwent a two-step docking evaluation whereby receptor-ligand interactions within
Site-B were examined, specifically interactions with Arg392, GIn414 and Arg419. A
total of 11 compounds were chosen from this screen and purchased for in vitro testing

and assigned IDs NCS-001 to NCS-011 (Table 4.4).

Compound antiviral activity was measured by observing its ability to inhibit
synthesis of dsRNA from a poly(C) RNA template. The compounds were tested at fixed
concentrations of 10 uM and 100 uM (Figure 4.9). The initial set of 11 compounds did

not inhibit norovirus RdRp transcription relative to the positive control (Figure 4.9).

Table 4.4. First set of SPECs compounds for biological testing.

Assigned . MW Catalogue
D Chemical structure (Da) logP/ClogP number
NH
—_— N -
NCS-001 A Y i\ﬁ 375.45 4.64/3.43 AG
’)_,-‘ R A

' \;/ 690/40696790

.
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Assigned . MW Catalogue
D Chemical structure (Da) logP/ClogP number
N O
N—
U
NCS-002 & : N 397.50 4.62/3.51 AG-
/\ \ : : : 690/40752510
r:.
|
()
N
NCS-003 447.48 -0.74/2.73 AF-
: : : 399/42016957
NCS-004 o O / N AN 44152 3.64/4.93 AE-
) E > ' : : 848/42434526
% S NH
NCS-005 312.28 ND/1.00 AN-
: : 465/14459014
0
T AK-
NCS-006 — ) 32439 3.66/3.58 918/12232688
NH = ‘ AK-
NCS-007 mj\/w 360.37  184/284 oo oras
0]
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Assigned . MW Catalogue
D Chemical structure (Da) logP/ClogP number
L0
HIN
NCS-008 316.35 3.92/3.74 AP-
0 ) ’ ’ 501/43258115
AR
;N
)
CH
]
QO 0 AN-
. I { >\K
NCS-009 4<_/NH-| e 376.43 2.31/2.14 329/42158871
OH
e
Q
NCS-010 N NH 318.39 3.76/3.68 AP-
3 ; ﬁ' ' R 263/43419033
N—N Q
/&h )\/C] \\
NCS-011 361.39 2.74/3.32 AS-
h ' HTIR2S 768143420232

=
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NCS-011-
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Compound identification

Figure 4.9. Inhibition of human norovirus Sydney 2012 RdRp activity by Set 1
compounds.

The effects of 11 compounds on norovirus RdRp activity were examined using a fluorescent
activity assay at 10 uM and 100 puM. None of the compounds demonstrated dose-dependent
inhibition of norovirus RdRp. The positive control was the previously reported NNI PPNDS
(114) which was used at 10 uM. Results are shown as mean * SD from triplicate reactions.

4.4.6 The second set of compounds: compound selection and inhibition of

norovirus RdRp activity.

The initial set selected based on predicted chemical interactions within Site-B
determined from the two-step docking analysis, however, these compounds did not
demonstrate inhibitory activity against norovirus RdRp. Therefore, refinements to the
virtual screening process led to the selection of a further 23 compounds (Figure 4.2).

These compounds were assigned IDs NCS-012 to NCS-034 (Table 4.5).

These compounds were tested at fixed concentrations of 10 uM and 50 uM
(Figure 4.10). One compound (NCS-031) was completely insoluble and hence not
tested. Of the remaining 22 compounds, NCS-013 displayed preliminary dose-
dependent inhibition with 55.9 t+ 3.8% inhibition of norovirus RdRp activity at 50 uM
(Figure 4.10). This compound was sparingly aqueous soluble at concentrations above

50 uM, which made it challenging to assess its inhibitory potential.
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Table 4.5. Second set of SPECs compounds for biological testing.

Assigned . logP/ Catalogue
D Chemical structure MW (Da) ClogP number

p

NH \\
NCS-012 j\ 469.51 2.85/ AN-988/
o0

=

4.63 14609101

8]

HO

T

i,
___,H & 4.68/ AK-918/
NCS-013 ) @ﬁ( 7451 48 11183007
OH 3.52/ AN-465/
NCS-014 | NH“@ 28534 38y 43421808
] —

~ O._N
\Ié
NCS-015 HNJ\/ 397.50 4.79/ AN-698/

1.72 42115836

[

N 321/ AF-399/
NCs-016 " ,/27 m 39042 537 42866018
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Assigned . logP/ Catalogue
D Chemical structure MW (Da) ClogP number
@
c M g
508/  AG-690/
) T
NCS017 y o 38845 367 20699155
O M
0 v
~
N)\ N .::./Q 3.86/ Al-204/
NCS-018 AN 34742 413 31717030
O O/ﬂx‘
N/’ NT T~
. 3.94/ AP-064/
~ 0
NCS-019 N N ) 398.42 5.06 43237401
7N NH 0O
I Neen 5.64/  AH-487/
NCS-020 N/ 39353 651 11381034
HO
7 )
3.11/  AR-196/
NCs-021 - "'”}L /W(M 49332 41 42727049
[\,H/\)Lr\ 0
\
&
/ Ny
!
= o = 2.83/ AO-364/
NCS-022 HN 33335 385 42192093
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AssiIgDned Chemical structure MW (Da) ICCE;/) ngizilie
NCS-023 470.54 i‘%i/ 1@2;%822/ 1
NCS-024 455.49 i‘iz()/ 12'2699%2/ 1
NCS-025 482.63 21'%/ 1’;’1‘;9123286/2
w0 S
NCS-027 310.32 ;\' gé 3/*7':;10%/ f
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Assigned . logP/ Catalogue
D Chemical structure MW (Da) ClogP number
1.58/ AK-918/

NCS-028 38640 153 40894272
o 280,47 3.30/ AO-080/

. 414 42479858

HO j
NH 3.75/ AN-465/
NCS-030 0 \O\ 28738 424 43411544
Tl

3.77/ AG-690/

NCS-031 38647 4 a4 09683057
4.02/ AN-989/

NCS-032 44052 o3 40683743
5.66/ AN-655/

NCS-033 47857 19 14768280
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Assigned logP/ Catalogue

D Chemical structure MW (Da) ClogP number
O e Moz
T
e NH
I 9/ 988/
P 4.4 AN-
NCS-034 [ ] 0050 451 15130066

—
<~ o
a S
1 1
*

o
e

Compound chosen
for further analysis

% 50% inhibition

o

o
i

% Inhibition of norovirus RdRp
N
[3,]

&
=3

CS-021+
CS-023+
CS-025+

NCS-024+
NCS-026
NCS-0274
NCS-0284
NCS-0294
NCS-0304
NCS-032-
NCS-0334

NCS-022
N

NCS-0204
N

NCS-0124
NCS-0134
NCS-0144
NCS-015-
NCS-0164
NCS-0174
NCS-0184
NCS-0194
N
NCS-034-
+ve control+

Compound identification

Figure 4.10. Inhibition of human norovirus Sydney 2012 RdRp activity by Set 2
compounds.

The effects of 22 compounds on norovirus RdRp activity were examined using a fluorescent
activity assay at 10 uM and 50 uM. Compound NCS-013 (indicated with star) demonstrated
dose-dependent inhibition of norovirus RdRp, with more than 50% inhibition at 50 uM. The
positive control was the previously reported NNI PPNDS (114) which was used at 10 uM.
Results are shown as mean * SD from triplicate reactions.

4.4.7 NCS-013 demonstrates cross-genera inhibition of FCV RdRp

To further investigate the antiviral potential of NCS-013, it was examined for
inhibitory activity against recombinant FCV RdRp previously synthesised in our
laboratory (483). FCV is a member of the Caliciviridae family and belongs to the genus
Vesivirus. NCS-013 was tested at fixed concentrations of 50 uM and 10 uM in two
independent experiments. Across the two experiments, NCS-013 demonstrated 51.3 +

5.4% inhibition of FCV RdRp activity at 50 uM (Figure 4.11).
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Figure 4.11. Inhibition of FCV RdRp activity by NCS-013.

The effect of test compound NCS-013 on FCV RdRp activity was examined using a fluorescent
RdRp transcription assay. NCS-013 was test at fixed concentrations of 50 uM and 10 uM in two
independent trials. The positive control was the previously reported RdRp inhibitor PPNDS
(114) which was used at 10 uM. Results are shown as mean £ SD from triplicate reactions.

4.4.8 Canset1and 2 compounds inhibit Zika virus RdRp transcription?
Since JTK-109 and TMC647055 were initially designed as NNIs of HCV (136,
508), a member of the Flaviviridae, the research compounds were also examined for
inhibition of the Zika virus RdRp, as it is also a member of the Flaviviridae. Compound
antiviral activity was measured by observing its ability to inhibit synthesis of dsRNA
from a poly(U) RNA template. Compounds NCS-001 — NCS-034 (Table 4.4, Table 4.5)
were tested for inhibitory activity at fixed concentrations of 10 uM and 100 uM (Figure
4.12). Eight compounds demonstrated dose-dependent inhibition of Zika virus RdRp
transcription and were selected for further analysis (Figure 4.12). This included five
compounds which displayed close to 50% inhibition of Zika virus RdRp activity at 100
UM — NCS-013 (58.4 £ 22.6%), NCS-014 (74.4 + 3.7%), NCS-024 (44.1 + 37.5%), NCS-025
(39.9 + 32.2%) and NCS-034 (52.6 + 7.9%) (Figure 4.12). Three other compounds with
close to 25% inhibition of Zika virus RdRp activity were also selected — NCS-015 (30.8
25.3%), NCS-018 (32.4 + 9.2%) and NCS-032 (22.7 + 11.6%) (Figure 4.12). Although
NCS-016 also demonstrated inhibitory activity (40.2 + 17.4%), due to aqueous solubility

challenges it was excluded from further analysis.
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Figure 4.12. Screening test compounds for inhibition of Zika virus RdRp activity.

The effects of 33 compounds on Zika virus RdRp activity were examined using a fluorescent activity assay at 10 uM and 100 uM. Five compounds exhibited
dose-dependent effects with close to 50% inhibition at 100 uM (indicated with star). Three other compounds also demonstrated some dose-dependent
effects with close to 25% inhibition at 100 uM (indicated with diamond). The positive control was the previously reported RdRp inhibitor PPNDS (114) which
was used at 10 uM. Results are shown as mean * SD from triplicate reactions.
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4.4.9 NCS-013 inhibits both HAV and HCV replicon replication.

As the original intention of this work was to develop broad-spectrum NNIs of
RNA viruses, eight compounds that displayed any level of dose-dependent inhibitory
activity against either norovirus or Zika virus RdRp were selected for further studies
(Figure 4.13). These compounds were examined for their ability to inhibit the
replication of HAV and HCV replicons in Huh7 cells by measuring decreases in the
output of the luciferase reporter gene present in the viral replicons (Figure 4.3), which
is a marker of replicon replication. All compounds were tested at a fixed concentration
of 10 uM. A CellTiter-Blue cell viability assay was also performed to ascertain whether
these compounds were toxic and if any decreases in luciferase output were due to
changes in cell survival rather than replicon replication.

Of the eight compounds examined, one compound, NCS-013, displayed
inhibitory activity against both the HCV G2a (62.5 + 23.6%) and HAV (45.6 + 10.1%)
replicons (Figure 4.13A). A second compound, NCS-032, demonstrated inhibitory
activity against the HAV replicon (51.0 + 22.7%) (Figure 4.13A). Additionally, both

compounds displayed little to no impact on cell viability (Figure 4.13B).
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Figure 4.13. The effect of set 1 and 2 compounds on HAV and HCV replicons, and
cells.

The effects of 8 compounds on HAV and HCV G2a replicon activity in Huh7 cells was examined
at 10 uM using replicon cell culture with luciferase reporter output (A). The compounds were
also examined at 10 uM concentrations in parallel for cellular toxicity (B). The positive control
used was a previously reported broad-spectrum antiviral adenosine nucleoside analogue
BCX4430 (10 uM) (503). Results are shown as mean * SD from quadruplicate reactions.

4.4.10Can NCS-013 structural analogues inhibit norovirus and Zika virus
RdRp activity?
Since NCS-013 displayed broad-spectrum inhibitory activity spanning five

RdRp/replicons across three viral families, it was used as a scaffold to query the

eMolecules search engine for compounds with similar structure and thus potential for
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similar broad-spectrum coverage (Figure 4.4). A total of 11 compounds were identified

and purchased from this screen and assigned IDs NCS-013A to NCS-013K (Table 4.6).

The compounds were tested for dose-dependent inhibition of norovirus and Zika virus

RdRp activity at fixed concentrations of 10 uM and 50 uM (Figure 4.14). Three

compounds demonstrated some level of inhibition of Zika virus RdRp activity at 50 uM

and were selected for further investigation in viral replicon models. These were NCS-

013A (42.1 £ 22.6%), NCS-013B (33.5 + 9.0%) and NCS-013H (18.8 + 13.1%) (Figure

4.14B). None of the compounds displayed dose-dependent inhibition of norovirus

RdRp transcription (Figure 4.14A).

Table 4.6. NCS-013 structural analogues.

Assigned . Catalogue
D Chemical structure MW (Da) logP/ClogP number
S
W‘._ 4 \‘ =
NCS-013A — \ 400.39 3.28/3.66 5581827
,C:-
NCS-013B 403.39 3.14/2.86 5211029
NCS-013C e 41025  4.56/4.71 5536319
o =
NCS-013D 428.44 4.10/4.72 6928147
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=
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0 S 0 AK-
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Figure 4.14. Inhibition of norovirus and Zika virus RdRp activity by NCS-013 structural
analogues.

The effects of 11 compounds on (A) norovirus and (B) Zika virus RdRp activity was examined
using a fluorescent transcription assay at fixed concentrations of 50 uM and 10 uM. The
positive control was the RdRp inhibitor PPNDS (114) which was used at 10 puM. One compound
showed close to 50% inhibition of Zika virus RdRp activity at 50 uM (indicated with star). Two
other compounds displayed close to 25% inhibition at 50 UM (diamond). None of the
compounds demonstrated dose-dependent inhibition of norovirus RdRp activity. Results are
shown as mean + SD from triplicate reactions. For comparison, the previous results for NCS-
013 norovirus and Zika virus RdRp are shown.

4.4.11NCS-013A inhibits of HAV replicon replication.

Three NCS-013 structural analogues demonstrated dose-dependent inhibition
of Zika virus RdRp transcription. These compounds were then tested in mammalian cell
culture against HAV and HCV replicon systems (Figure 4.15). One compound, NCS-
013A, displayed low level of inhibition of the HCV G2a replicon replication (NCS-013A:
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37.7 £ 23.1%) (Figure 4.15A), whilst two compounds (NCS-013A: 58.9 + 17.7% and NCS-
013H: 38.0 + 18.8%) demonstrated inhibitory activity against the HAV replicon (Figure

4.15A). Neither of these compounds displayed negative impacts on cell viability (Figure

4.15B).
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Figure 4.15. The effect of NCS-013 structural analogues on HAV and HCV replicons,
and cells.

The effects of three NCS-013 structural analogues on HAV and HCV G2a replicon activity in
Huh7 cells was examined at 10 uM using replicon cell culture with luciferase reporter output
(A). The compounds were also examined at 10 uM concentrations in parallel for cellular
toxicity (B). The positive control used was a previously reported broad-spectrum antiviral
adenosine nucleoside analogue BCX4430 (10 uM) (503). Results are shown as mean % SD from
quadruplicate reactions.

4.4.12Potential binding configuration of NCS-013 to Caliciviridae RdRp

Following the promising broad-spectrum antiviral activity of NCS-013, it was
important to confirm that the inhibition observed was target specific and not due to
assay interference. One way of confirming this is to investigate compound binding and
confirm that it binds to the intended target. NCS-013 was originally discovered using
pharmacophore features that were modelled from in silico NNI binding within Site-B
(Figure 4.2). Therefore, NCS-013 was docked into Site-B of the six crystal structures as
described in section 4.3.2 and predicted favourable docking interactions were
investigated (Table 4.7). NCS-013 interacted with very few conserved Site-B binding
pocket residues, and only interacted with Arg392 in two of the crystal structures (4LQ3

and 404R) (Table 4.7). For the two human norovirus RdRp structures, NCS-013 was
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predicted to make favourable interactions with only two conserved binding site

residues on the 4LQ3 structure and three residues on the 4LQ9 structure (Figure 4.16).

There were large changes in the configuration of NCS-013 within the large Site-B

binding pocket. When docked into the 4LQ3 structure, NCS-013 was positioned deeper

within the protein, closer to the active site whereas on the 4LQ9 structure, the ligand

bound higher up within the thumb region closer to the conserved non-motif residues

(Figure 4.16).

Figure 4.16. Possible binding configurations of NCS-013 on the human norovirus

RdRp.

Compound NCS-013 was docked into Site-B of two human norovirus RdRp crystal structures
(PDB ID: 4LQ3 and 4LQ9) (114). Docking was performed using the program GOLD through the
Discovery Studio interface. The binding configuration obtained from the highest scored pose in
the largest cluster for both 4LQ3 (pink) and 4LQ9 (blue) are displayed relative to the 4LQ9
protein structure. Four residues on the C terminus end were hidden for clarity.

Table 4.7. Predicted favourable docking interactions between NCS-013 and

conserved residues on calicivirus crystal structures.

Compound

Motif?

Equiv.
residue
for 4LQ9

Viral RdRp

Norovirus

SaV MNV

RHDV

4LQ3

4LQ9

2CKW 3UQS | 404R

1KHV

NCS-013

Lys166

Aspl67

Glul68

Leul69

Argl82

Tyr341

m(O|mMm|Mm(m|m|m

Leu391
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Compound | Motif? | Equiv. Viral RdRp
residue Norovirus SaV MNV RHDV
for 4LQ9 4LQ3 | 4LQ9 | 2CKW 3UQS | 404R | 1KHV
E Arg392 X X
Non Arg413 X X X X X
Non Gln414 X
Non Arg419 X X X
Non Arg4d36 X X

2 etter designates the motif, “non” refers to non-motif residues.
For clarity, coloured shading is used to indicate different motif/non-motif groups.

4.4.13In vitro examination of NCS-013 binding within Site-B

Following in silico examination of NCS-013 and its potential binding to the Site-
B binding pocket within the RdRp, further experiments using in vitro fluorescent
transcription assays were performed. RdRp selected for binding studies included the
two Site-B norovirus RdRp mutants Q414A and R419A that were previously generated
in our laboratory and shown to be resistant to the NNI JTK-109 (147). If NCS-013
achieves its inhibitory activity through interaction with Site-B, Q414 and R419 would
likely be involved in its binding. In this case, the mutant RdRps would display resistance
to NCS-013, as indicated by an increase in ICso. Compound ICso values were established
against the wild type and mutant polymerases. Less than 30% increase in ICso was
observed when comparing the activity against the wild type (54.6 uM) and mutant
(Q414A: 68.7 uM, R419A: 70.4 uM) RdRps (Figure 4.17).
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Figure 4.17. Dose dependent inhibition of wild type and mutant norovirus Gll.4
Sydney 2012 RdRp activity by NCS-013.
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The relative inhibitory effect of NCS-013 on the wild type (blue) was compared to the Site-B
mutants Q414A (green) and R419A (orange) using a fluorescent activity assay. ICso values were
calculated and are shown on the graph. The mean + SD from triplicate reactions is shown.

4.4.14Summary of virtual screening results

After two rounds of virtual screening (sections 4.4.5 and 4.4.6) and one round
of expanded structural analogue searching (section 4.4.10), a total of 44 compounds
were investigated for inhibitory activity against norovirus and Zika virus RdRp. From
this, eleven promising compounds were further assessed for inhibition of HAV and HCV
replicon replication in Huh7 cells (Figure 4.13, Figure 4.15). One compound, NCS-013,
demonstrated broad-spectrum inhibition of RdRp/replicon replication of five different
viruses, whilst a structural homologue, NCS-13A also demonstrated some cross-family
inhibition of HAV, HCV and Zika virus replication (Table 4.8). Seven other compounds
also showed >25% inhibition of RdRp/replicon activity relative to the negative control

(Table 4.8).

Table 4.8. Test compounds with >25% inhibitory activity relative to negative control.

Test Inhibition of RdRp activity at 50 uM or 100 uM Replicon at 10 uM
Compound Norovirus ! Fcv? Zika virus 2 HAV HCV
NCS-013 55.9+3.8% 51.3+5.4% 58.4 +22.6% 45.6+10.1% 62.5+23.6%
NCS-014 None ND 744 £3.7% None None
NCS-024 None ND 44.1 +37.5% None None
NCS-025 None ND 39.9+32.2% None None
NCS-032 None ND None 51.0£22.7% None
NCS-034 None ND 52.6+7.9% None None
NCS-013A  None ND 42.1+22.6%1 589+17.7% 37.7+23.1%
NCS-013B  None ND 33.5+9.0%! None None
NCS-013H  None ND None 38.0+18.8% None

All values are displayed as mean + SD. ND: not determined. ®: tested at 50 uM. % tested at 100 pM.
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4.5 Discussion

There are many positive-sense RNA viruses that cause significant disease in host
populations. However, progress on the development of antivirals and effective
vaccines for many of these viruses remains slow. The current work aimed to use in
silico modelling and virtual screening in combination with in vitro biological screening
in enzyme and cell-based replicon assays to uncover drug-like compounds with broad-
spectrum non-nucleoside inhibitor (NNI) activity against viruses of the Caliciviridae
family and later expanded to include the Flaviviridae and Picornaviridae. The present
work identified two compounds — NCS-013 and NCS-013A — with broad-spectrum
inhibitory activity against at least two different viral families and suggests that
designing NNI compounds possessing broad-spectrum antiviral activity may yet be

possible.

4.5.1 Virtual screening in an environment lacking prior knowledge

Virtual screening is an attractive drug discovery method due to its capacity to
screen large compound databases for a fraction of the cost compared to HTS.
However, the process of constructing good-quality pharmacophores for virtual
screening usually relies on extensive prior knowledge (509, 510). In the current study
however, limited prior knowledge was available. From the perspective of a ligand-
based approach, there are no NNIs approved for use against the Caliciviridae, and only
a small list of NNI compounds have experimentally demonstrated antiviral activity.
Furthermore, as the original intention of this study was to target the Site-B binding
pocket, only compounds that bound to that site would be useful. From a structure-
based perspective, only a few calicivirus RdRp crystal structures were available and of
these, only two structures (PDB ID: 4LQ3 and 404R) were in complex with an inhibitor
bound at Site-B (114, 487). Therefore, the current study utilised a combination of both
ligand and structure-based knowledge to construct complex-based pharmacophores

for virtual screening (Figure 4.2).

A docking approach was first used to identify interacting residues that could
play an important role in the RdRp binding and inhibitory effects or lack thereof, for

the compounds JTK-109, TMC647055, Beclabuvir and JTK-M (listed in order from
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lowest overall ICso as per (147)). Two trends were observed, firstly compounds that
made more predicted interactions with the resistance mutation Arg419 across the
crystal structures also possess greater broad-spectrum activity and lower ICso.
However, JTK-M made the same number of interactions with Arg419 as JTK-109 and
yet has no inhibitory activity (Table 4.3). This suggests that there must be additional

interacting residues that are critical to the anti-transcriptional effects of JTK-109.

Closer comparison of the binding orientations of these two molecules revealed
that JTK-109 made frequent interactions with motif E residue Arg392, which plays a
role in binding the priming nucleotide (505, 506) as well as the adjacent motif E
residue, Arg391 (Table 4.3). In contrast, interactions between JTK-M and motif E
residues were less frequent. Together, the two trends suggest that Argd19 may play a
role in compound binding affinity, whereas interaction with Arg392 and other motif E

residues may be involved in sterically hindering transcription.

Following virtual screening, the resulting compound hitlist was filtered using
various molecular property and substructure filters to improve the potential drug-
likeness of compounds selected for testing (Figure 4.2). Lipinski’s rule of five predicts
that poor solubility and permeability is likely, when, for example, MW > 500 Da and
logP>5 (511). Therefore, hit lists were first filtered using molecular weight (<450 Da) as
well as logP and ClogP (<5). Additionally, compounds containing undesirable structural
elements and PAINS moieties were also excluded (512). PAINS compounds notoriously
present as false positive results in many HTS assays via assay interference rather than
true biological activity, therefore by removing compounds containing these PAINS

moieties the possibility of encountering these problematic compounds was reduced.

The remaining compounds were also required to undergo a two-step docking
assessment, examining interactions with Arg392 and the two non-motif Site-B residues
GIn414 and Arg419. To maximise the diversity of the chemical space sampled during
biological testing, structures within the hit lists were also clustered in LS based on 3D

pharmacophore features, and only one compound from each cluster was tested.

However, after the first set of 11 compounds failed to yield any active

structures able to inhibit norovirus RdRp transcription (Figure 4.9), some filtering
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parameters were relaxed (MW < 500 Da, logP/ClogP and docking requirements
excluded) and a second set of 23 compounds from unsampled clusters were purchased

(Table 4.5).

4.5.2 NCS-013 inhibits Caliciviridae, Flaviviridae and Picornaviridae
RdRp/replicon replication

4.5.2.1 Caliciviridae

Caliciviruses have been found in nearly every vertebrate group and include
several human and non-human pathogenic viruses, some of which can lead to lethal
consequences in their hosts (219). However, there is a lack of antiviral therapies and
vaccines. Although vaccines do exist for some pathogenic non-human caliciviruses, for
example RHDV and FCV, protection can be variable depending on the vaccine (513,
514), and so there is still an unmet need for the development of effective antiviral
treatments. The present work identified one compound, NCS-013 which displayed
cross-genera inhibition of two members of the Caliciviridae, human norovirus (55.9 +
3.8% at 50 uM, Figure 4.10) and FCV (51.3 £ 5.4% at 50 uM, Figure 4.11). Although the
potency of NCS-013 would require significant improvement, the identification of this
compound with cross-genera activity indicates there is opportunity for development of

broad-spectrum drugs to target this family of viruses.

4.5.2.2 Flaviviridae

Since NCS-013 was derived from a virtual screen based on HCV NNIs, it was also
assessed for activity against both HCV itself and Zika virus, another member of the
Flaviviridae family. Zika virus is a member of the genus Flavivirus which includes
several pathogenic human viruses that are transmitted by arthropod vectors and for
which there are no approved treatments. Although effective vaccines do exist for some
of these viruses (such as yellow fever virus (515) and tick-borne encephalitis virus
(516)), cases can still occur in endemic regions due to insufficient vaccination of the
local population or unvaccinated travellers. A recent example of this was the 2016
Angola and Democratic Republic of Congo yellow fever outbreak that led to 961
confirmed cases and 137 deaths (517). Although mass vaccination and vector control

strategies were eventually able to contain the outbreak, maintaining vaccine coverage
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in endemic regions remains a challenge. Therefore, it is important to develop antiviral
therapies for these infections. In addition to its activity against caliciviruses, NCS-013
also produced 62.5 £ 23.6% inhibition of the HCV replicon replication when examined
at 10 uM in Huh7 cells (Figure 4.15). It similarly demonstrated 58.4 + 22.6% inhibition
of the Zika virus RdRp when used at 100 uM (Figure 4.12). The cross-genera and cross-
family activity of NCS-013 may help inform future broad-spectrum antiviral

development.

4.5.2.3 Picornaviridae

Members of the large Picornaviridae family can cause a wide spectrum of
clinical manifestations in their hosts, which includes potentially life-threatening
diseases such as meningitis, encephalitis, and myocarditis (518, 519). As for the
Caliciviridae and Flaviviridae however, there are currently no approved antiviral agents
against picornavirus infections. To further explore the broad-spectrum potential of
NCS-013, it was also trialled against HAV, a member of the Picornaviridae. NCS-013
showed inhibition of HAV replicon replication (45.6 + 10.1% at 10 uM) (Figure 4.15).
Although this inhibitory activity was unexpected, it is nonetheless a useful starting

point for the design of future HAV and picornavirus inhibitors.

4.5.3 Does NCS-013 bind within Site-B?

Following identification of NCS-013 as a potential broad-spectrum NNI in
primary screening assays, an important step was to verify that the activity was the
result of target-specific inhibition rather than through assay interference. Although
efforts were made to decrease chances of encountering promiscuous compounds
using online substructure filters (495, 496), it is nonetheless essential to confirm the
mechanism of inhibition. This is especially important in the case of NCS-013 since it
showed a similar level of inhibition against targets measured using the same assay
method — norovirus, FCV and Zika (picogreen dye fluorescence) and HCV and HAV
(luciferase bioluminescence). Additionally, all activity assays performed in the study
utilised light-based detection and thus may be subject to similar interference
mechanisms (520). Such verification is usually accomplished using an orthogonal assay

that utilises a different reporter format to examine compound activity. Therefore, this
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study attempted to confirm the compound’s binding within Site-B using two different

methods.

Firstly, NCS-013 was docked into the Site-B binding pocket of human norovirus,
MNYV, SaV and RHDV crystal structures and favourable interactions with Site-B residues
were examined. Across the six crystal structures, NCS-013 made few interactions with
the Site-B residues GIn414 (n=1/6) and Arg419 (n=3/6), and only interacted with motif
E residue Arg392 in two of the structures (Table 4.7). More importantly, it did not
simultaneously interact with both the non-motif residues and Arg392. Instead,
predicted binding orientations were either positioned higher up in the structure,
where they interacted with Arg419 and stretched from the thumb to the fingers
domain (Figure 4.16, in blue) or were positioned deeper within the protein to interact
with Arg392 (motif E) but without any interactions with GIn414 or Arg419 (Figure 4.16,
in pink). Based on these predicted docking interactions, NCS-013 was judged unlikely
to bind to Site-B B in the originally intended conformation. However, it is possible that the
activity demonstrated by NCS-013 was caused by interactions within the large Site-B
pocket via a different binding orientation or through binding to another site on the

polymerase leading to its weak activity across different assays.

Since in silico modelling of NCS-013 was inconclusive, further attempts were
made to investigate its potential binding within Site-B by comparing relative inhibitory
activity using wild type and mutant RdRps in vitro. Mutant RdRps previously generated in
our lab based on JTK-109 binding were used. The ICso of NCS-013 against the mutant
RdRps was less than 30% greater than the ICso against wild type norovirus RdRp and
hence the mutations did not appear to offer any significant resistance against NCS-013
(Figure 4.17). In contrast, the mutants were resistant to JTK-109 and neither reached 50%
inhibition even at 100 uM (147). From this, it can be inferred that NCS-013 did not bind to
Site-B in the originally intended conformation. Similarly, this result does not preclude the
possibility of binding within the Site-B pocket in a different orientation or binding at a

different site
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4.5.4 Effect of NCS-013 on other mammalian targets

The current work is not the first time that NCS-013 has been identified in a
pharmacophore based virtual screening experiment. NCS-013 was previously reported
as a potent and selective agonist of peroxisome proliferator activated receptor-a
(PPAR-a) (ECs0: 1.1 nM) and named ZINC06472206 (521). PPAR-a is expressed in
tissues such as the liver, heart, skeletal muscle, kidney, and intestine (522). This
receptor is a transcription factor important for the regulation of lipid metabolism. It is
activated by the binding of a class of amphipathic carboxylic acids known as fibrates,
which also possess pleiotropic anti-inflammatory effects (523, 524). Specifically, PPAR-
a is activated in response to energy depravation and induces fatty acid catabolism and
ketogenesis (525). Activation of PPAR-a leads to a decrease in serum triglycerides and
an increase in high-density lipoprotein cholesterol, making it an important
pharmaceutical target for the treatment of dyslipidaemia (522). It is well established
that viruses can manipulate cholesterol and triglyceride metabolism pathways to
promote an environment that is optimal for their replication (526-529), making them
potential drug targets for the treatment of viral infections. For example, fenofibrate, a
PPAR-a agonist, has been reported to reduce mortality and improve neurological
outcomes in murine models of Japanese encephalitis virus (530), it also inhibits HIV
replication in cell culture models (531). A more recent study has shown that flavivirus
infection leads to reduced peroxisome biogenesis and proposed that this may be a
viral mechanism to hinder early antiviral signalling and thus compromise the antiviral

defence (532).

In the context of the current work, the inhibitory effects of NCS-013 in viral
RdRp transcription assays would not be affected by the highly potent off-target effects
on PPAR-a since they were protein activity assays. However, it is possible that for the
replicon replication assays performed in Huh7 hepatocyte cells, NCS-013 binding to
PPAR-a may have contributed to the antiviral effects via an unknown mechanism.
Future structure-activity relationship (SAR) and compound optimisation studies should
therefore also consider the potential off-target effects due to potent binding of NCS-

013 to PPAR-a.
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4.5.5 Future directions and potential for further development

In addition to NCS-013 and NCS-013A, three other compounds (NCS-014, NCS-
032 and NCS-034) also demonstrated inhibitory activity against one of the targets
assessed (summarised in Table 4.8). Future work should aim to verify the antiviral
activity of these compounds in orthogonal assays. In some respects, the lack of broad-
spectrum activity across targets measured using the same assay system (NCS-013A,
NCS-014, NCS-032 and NCS-034) could be an indication of target-derived activity rather
than non-specific interference. Future confirmatory studies should also aim to use
fresh, resynthesised, pure material to ensure activity is due to the compound of

interest rather than impurities or degradation products.

Unfortunately, the level of inhibition demonstrated by the five active
compounds, NCS-013, NCS-013A, NCS-014, NCS-032 and NCS-034 was not potent
enough to justify the extensive time and resources required for SAR and optimisation
studies in this instance. For comparison, pharmaceutical companies would typically
identify “hit” molecules from HTS with a potency in the 100 nM — 5 uM range to

progress to the lead phase (533).

The compounds identified in this study could be useful as scaffolds for future
drug discovery screening applications pending confirmation of target-derived activity.
The successful identification of NCS-013A through a similarity search of catalogue
available compounds, indicates that this approach could be a lower-cost strategy for
early SAR analysis. This could be applied to NCS-032, for example, to search for more
potent inhibitors of the HAV replicon, and potentially other picornaviruses. The
mechanism of action for NCS-032 against HAV should be investigated to verify target-
specific activity. Interestingly, some compounds identified in the study also appeared to
have a stimulatory effect on the replicons. This could be due to compound interaction with
the replicon and worth further investigation. Additionally, future work should also aim to
identify the binding site of these compounds so that more targeted compound
optimisation strategies may be utilised. This could be achieved through generation and

sequencing of drug-resistant viruses.
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4.6 Concluding remarks

This chapter explored the application of virtual screening for the development
of broad-spectrum NNIs. The NNI inhibitors JTK-109 and TMC647055 were used to
construct complex-based pharmacophore models for screening the SPECs compound
database. Selected compounds were examined for activity in vitro against a variety of
RdRp/replicons. This study identified two potentially broad-spectrum NNI compounds
(NCS-013 and NCS-013A) as well as three other compounds with inhibitory effect
against a single target (NCS-014, NCS-032, NCS-034) (summarised in Table 4.8). The
current work also applied a low budget “SAR by catalogue” approach to search for
additional compounds with inhibitory activity. The successful identification of NCS-
013A provides some evidence for the utility of NCS-013 as a scaffold for future broad-

spectrum NNI design.
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5 Molecular epidemiological surveillance of
norovirus in Australia, 2018 to 2020
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5.1 Abstract

Norovirus causes 677 million annual cases of acute gastroenteritis globally,
resulting in more than 210,000 deaths and encumbering the global economy by $65
billion per year. Historically, antigenically novel strains have emerged from the
genogroup Il genotype 4 (GIl.4) lineage every 3-5 vyears to cause pandemic
gastroenteritis. As per this study, more than nine years have passed since the last
pandemic variant, Sydney 2012 emerged. However, contrary to historical trends where
entirely new strains emerge, the Sydney 2012 strain has been exceptional. This is
because the structural region (Gll.4 Sydney 2012) has extended its circulation through
recombination to obtain new non-structural regions, such as from a GII.P16 virus. We
investigated circulating noroviruses in Australia before and into the COVID-19
pandemic (2018-20) to identify novel recombinant strains, especially those with
epidemic potential. Viral RNA was extracted from both stool (n=727) and monthly
wastewater samples from three treatment plants (n=108) and amplified by RT-PCR.
Amplicons from clinical samples were Sanger sequenced and data subjected to
phylogenetic analysis. Amplicons from wastewater samples were sequenced on the
[llumina MiSeq platform, and reads were aligned to reference sequences to determine
strain prevalence. We observed the continued high prevalence of the Gll.4 Sydney
2012 [P16] virus (23.0%, n=139/604), albeit co-dominant with two other strains (Gll.3
[P12] (18.2%, n=110/604) and GlI.2 [P16 (20.2%, n=122/604)]) that have waxed and
waned in prevalence. We show in this study, lockdowns reduced norovirus levels in
sewage by more than 90% in May to September 2020 (1.4 x 10° genome copies/L)
compared to the equivalent time periods in 2018 (1.6 x 10° gc/L) and 2019 (1.9 x 10°
gc/L). The relaxation of these measures at the end of 2020 coincided with a strong
resurgence in Gll.2 [P16] prevalence in both clinical and wastewater samples.
Wastewater surveillance successfully detected changes in Gll.3 [P12] strain prevalence
prior to increases in clinically detected outbreaks. Furthermore, it enabled navigation
of clinical sampling gaps so that a more complete molecular epidemiological picture
was obtained. The addition of ORF1/2 overlap genotyping in sewage enhanced our
sentinel surveillance capabilities by facilitating the detection of recombinant viruses

that may possess epidemic or pandemic potential.
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5.2 Introduction

Acute gastroenteritis (AGE) is the fifth most common cause of mortality,
particularly in developing countries, and is estimated to result in 1.5 million deaths
each year (161). Norovirus is the leading cause of viral gastroenteritis globally and
infects approximately 677 million people each year (534), costing the global economy
an estimated USS$65 billion (179). Norovirus is also estimated to cause more than
210,000 deaths annually, the majority of which occur in children less than five years of
age (179). Clinical symptoms of norovirus include diarrhoea, vomiting, chills, nausea,
abdominal cramps, and low-grade fever (5). Although infection is generally self-limiting
in healthy adults, the disease can be prolonged and debilitating in immunosuppressed

patients, the elderly and in infants (187-189).

Norovirus is highly transmissible; it has a low infectious dose of ~103 virions (234)
and patients can shed up to 10° genome copies/g of faeces (235). Additionally, viral
shedding can last for four weeks (235, 236, 535) and virions can remain infectious in
the environment for days to weeks (242). These combined traits make norovirus
extremely efficient at rapidly spreading in semi-closed environments: it is the most
common agent of viral gastroenteritis in aged-care facilities (232), hospitals (244),

cruise ships (246, 247), and schools (245).

Norovirus is a genus of positive-sense single-stranded RNA viruses belonging to
the Caliciviridae family. Noroviruses can be classified into ten different genogroups (GI-
GX) based on amino acid diversity of full-length VP1 protein (530-580 amino acids) and
eight different P-groups based on similarity within the 3’ end of the RNA-dependent
RNA polymerase (RdRp) region (762 nucleotides) (224). Genogroups can be further
divided into 49 different capsid genotypes and 60 different P-genotypes. Viruses from
Gl, GllI, GIV, GVIII and, GIX are associated with human infection, with Gll of greatest
clinical significance, accounting for more than 90% of all human norovirus infections
globally (228, 229). Within GlI, noroviruses belonging to genotype 4 (Gll.4) lineage
have historically been associated with epidemics and six recorded pandemics of viral

gastroenteritis, with antigenically novel variants typically emerging every 3-5 years
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(between 1996 and 2012) (summarised in section 2.2.7). The new variants circulated
until they are replaced by their successor (231, 295). During circulation the dominant
pandemic Gll.4 variant usually accounts for around 60-80% of all norovirus infections

globally (229-232).

The primary evolutionary drivers for the emergence of novel variants are both
antigenic drift that leads to amino acid changes in the capsid, and recombination at the
structural/non-structural boundary (ORF1/2 overlap), which enables the exchange of
non-structural and structural elements of the genomes during a co-infection (223,
286). The norovirus capsid protein comprises three domains, the shell (S) domain
forms the interior surface of the icosahedral shell whilst the protruding P1 and P2
domains are exposed on the surface (218). Antigenic variation usually occurs in the P2
capsid domain, facilitating viral evasion from herd immunity (216). Together with
recombination, these sequences changes can lead to the emergence of epidemic and

pandemic variants (229, 286, 295, 303).

Emerging in late 2012, the pandemic Gll.4 [P31] Sydney 2012 variant (295)
dominated the norovirus epidemiological space around the world (301, 536, 537)
including, Australia and New Zealand until the end of 2015 (303). In 2016 however, the
patterns of norovirus molecular epidemiology changed. Instead of the emergence of
an antigenically novel Gll.4 capsid variant, two daughter recombinant strains emerged,
each retaining the Sydney 2012 capsid whilst acquiring different non-structural regions
— [P4 New Orleans 2009] (538) and [P16], respectively (539). The recombinant Gll.4
Sydney 2012 [P16] became the predominant norovirus detected in clinical samples
from Australia and New Zealand in 2017 (229). The Gll.4 Sydney 2012 [P16] virus was
the predominant strain identified from outbreaks in Canada (536) and the US (537,
540), and has subsequently been detected around the world in Europe (312, 541, 542),
South America (543, 544), Oceania (229, 303) and Asia (313, 545).

Despite its spread around the world, the recombinant Gll.4 Sydney 2012 [P16]
did not achieve the same level of success in Asia during 2016-2018 as compared to its
pandemic predecessor. For example, as of February 2017, this strain had only been

detected from a single sample in Thailand (546), whilst in Japan, a different
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recombinant strain, GII.2 [P16] overtook GIl.4 noroviruses in mid-2016 as the
predominant cause of gastroenteritis outbreaks in children (547). Additionally,
norovirus outbreak surveillance in China from late 2016 to September 2018 failed to
identify any outbreaks linked to the recombinant Gll.4 Sydney 2012 [P16] (245).
Instead, the dominant norovirus identified during this period in Asia was again the
recombinant Gll.2 [P16] norovirus (546-550). This virus has also been detected in other
continents around the world, including North America (536, 540), South America (544,
551) and Europe (312, 552). It was also detected in high prevalence in clinical stool
specimens sampled in Australia (23.6%) and New Zealand (13.9%) during 2016 (303),
and achieved greatest prevalence in January 2017 (AU = 33.3%, NZ = 37.5%) (229). In
summary, the two dominant strains were Gll.4 Sydney 2012 [P16] and GII.2 [P16].

To identify novel recombinants and emerging viruses with epidemic potential,
ongoing surveillance of circulating noroviruses in the population is crucial. Recent
publications have demonstrated wastewater is an invaluable tool for mapping the
changing molecular epidemiological trends of enteric pathogens (229, 303, 553-555),
which can now be done at a city-based population scale. Qur group has previously
identified an increasing prevalence of GIl.2 noroviruses in clinical cases was also
detected in sewage samples. This virus was detected from May 2016 which occurred
two months before this trend could be seen in clinical samples (303). We have also
detected the high prevalence of a probably mild/asymptomatic circulation of GIl.17
viruses in January 2016 (68.6% of reads) as this virus was not detected in clinical
samples from the same timeframe (303). Therefore, wastewater can provide
invaluable insight into the true dynamics of circulating norovirus within a population,
capturing both clinically important strains and genotypes associated with mild or

asymptomatic infection, potentially providing an early warning of emerging strains.

Since the emergence of recombinant viruses Gll.4 Sydney 2012 [P16] and GlI.2
[P16] in 2016, the molecular epidemiological landscape of norovirus has changed.
Instead of the circulation of a single dominant virus, there has been an interesting
pattern of co-dominance. The present chapter investigated circulating noroviruses in
Australia from January 2018 — December 2020, to identify novel recombinant strains,

emerging strains in children, and those with epidemic potential. Wastewater samples
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were used to circumvent selective biases (usually disease severity) that can occur with
clinical sampling alone and to provide sentinel surveillance of potentially emerging

strains.

5.3 Materials and methods

5.3.1 Ethics and collection of clinical samples

This study was approved by the University of New South Wales (UNSW) Human
Research Ethics Advisory Panel (HC16828 and HC17459). All clinical samples used in
this study were collected between January 2018 and December 2020. Norovirus-
positive clinical stool samples were collected in New South Wales (NSW), Australia as

part of routine diagnostic services or norovirus surveillance programs.

A total of 727 clinical specimens were collected from institutional
gastroenteritis outbreaks and sporadic cases submitted to the Prince of Wales Hospital
and Douglas Hanley Moir for routine norovirus diagnosis. We thank Peter Huntington,
Richard Jones and their respective teams for provision of samples. Outbreaks were
either defined by the detection of two or more norovirus-positive cases possessing the
same genotype linked by time, location, or from epidemiological tracing performed by

NSW public health authorities.

5.3.2 Collection of wastewater samples

Between January 2018 and December 2020, monthly 24-hour composite
influent samples were collected using an autosampler from the Bondi (pop. 318,810)
and Malabar (pop. 1,857,740) wastewater treatment plants (WWTP) in Sydney,
Australia and from the Western WWTP (pop. 2,400,000) in Melbourne, Australia. All

samples were delivered to UNSW on ice, aliquoted and stored at -80°C upon arrival.

5.3.3 Viral concentration, RNA extraction and cDNA synthesis

Clinical stool samples were prepared as 20% suspensions (v/v) in water and
viral RNA extraction was performed as previously described (299, 556). Viruses in
wastewater samples (10 mL) were concentrated by ultracentrifugation at 216,000 x g
at 4°C for 1.5 hours and viral RNA extraction was performed using the QIAmp Viral RNA

mini kit (Qiagen, Hilden, Germany) as described in (303). First-strand cDNA was then
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synthesised from the extracted RNA using SuperScript VILO Master Mix (Invitrogen,
Carlsbad, CA, USA) for clinical samples and using SuperScript IV VILO Master Mix
(Invitrogen) for wastewater samples. Reactions were performed as per manufacturers’
guidelines. The processing of clinical and wastewater specimens is summarised in

Figure 5.1 below.

Clinical stool samples Monthly wastewater specimens
(section 5.3.1) (section 5.3.2)
20% suspension Ultracentrifugation
RNA extraction

(section 5.3.3)

cDNA synthesis Check MS2 spike cDNA synthesis
(SuperScript VILO) in recovery (SuperScript IV VILO)

(section 5.3.3) (section 5.3.4) (section 5.3.3)
PCR and Sanger Quantification of RT-PCR and library prep PCR and library prep

sequencing RNA levels (capsid genotyping) (ORF1/2 overlap)
(section 5.3.5) (section 5.3.7) (section 5.3.8) (section 5.3.9)
Phylogenetic analysis lllumina Miseq Illumina Miseq
(section 5.3.6) v2 reagents v3 reagents
Analysis of wastewater amplicons
(section 5.3.10)

Figure 5.1. Norovirus surveillance workflow.

The main processing steps for the surveillance of norovirus from clinical (brown) and
wastewater (blue) specimens are summarised. For clinical stool samples, RNA was extracted
followed by cDNA synthesis, PCR, Sanger sequencing and phylogenetic analysis. For
wastewater, RNA was extracted, and it was used for four different purposes. It was
independently used to 1) check MS2 recovery, 2) quantify norovirus RNA levels, 3) for capsid
next generation sequencing (NGS) and 4) to synthesise cDNA for ORF1/2 overlap NGS. After
NGS, amplicons were then analysed.

5.3.4 MS2 bacteriophage process control
The MS2 bacteriophage was spiked in as an internal process control for the

wastewater ultracentrifugation and RNA extraction as described in (303) (Figure 5.1).

The MS2 bacteriophage spikes were prepared as 20 pL frozen spherical aliquots by
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dropping them into liquid nitrogen. The concentration of aliquots was determined to
be 1.4 x 10° + 5.3 x 10° genome copies (gc) of viruses per 20 uL (Appendix Table 8.1).
MS2 RNA recovery was measured using the iTaq Universal SYBR Green One-Step Kit
(Bio-Rad, CA, USA), 4 uL of input RNA in each reaction (20 pL) and the primers
GV117/GV118 (Table 5.1). Cycling conditions were 50°C for 10 minutes and 95°C for 1
minute, followed by 40 cycles of 95°C for 15 seconds, 55°C for 20 seconds and 72°C for
20 seconds. Valid assays produced a cycle threshold (ct) value of 23.0 + 0.9 in all

wastewater samples (n=108).

5.3.5 Amplification and sequencing of clinical specimens

Norovirus detection was first performed on synthesised cDNA using a duplex
PCR (GI primers: COG1F/G1SKR, Gll primers: G2F3/G2SKR) targeting the 5’end of the
capsid gene of Gl and GIl noroviruses (295) (Table 5.1, Figure 5.1). For the
identification of recombinant strains, a PCR targeting the ORF1/ORF2 overlap region
was carried out using the following primers — Gl: MON432/G1SKR, Gll:
MON431/G2SKR (557-559) (Table 5.1). All PCR products were visualised on agarose
gels to confirm size, enzymatically purified and then Sanger sequenced (methods as

described in sections 3.1.1 to 3.1.3).

Table 5.1. Primers used to amplify norovirus and MS2 sequences.

Primer/probe Sequence (5’-3’)*"® Reference
GV117 AAT CCATTT TGG TAA CGC CGG AAC CATAGG C (560)
GV118 GCA CAC GGG GTG CAATCT CAC TGG (560)
G2F3 TTG TGA ATG AAG ATGGCG TCG A (295, 557)
G2SKR CCR CCN GCATRH CCRTTR TAC AT (295, 557)
COG1F CGY TGG ATG CGN TTY CAT GA (295, 557)
G1SKR CCAACCCARCCATTIRTACA (295, 557)
MON431 TGG ACI AGR GGI CCY AAY CA (558, 559)
MON432 TGG ACI CGY GGI CCY AAY CA (558, 559)
G2F1 GTG GGA GGG CGATCG CAATCT (557)
G2R1 TGC ATA ACC ATT RTA CATTCT (557)
Hepl72 GGB TGG TTT GGA AAR YTG GA (292)
T7-NV2oF taa tac gac tca cta tag gg TGG GAG GGC GAT CGC AAT CT This study
NV2oR GTR AAC GCRTTY CCM GC (222)
NV20oF2 GGA GGG CGATCG CAATC This study
G2F3P FAM-TGT GAA TGA AGA TGG CGT CGA ATG AC -ZEN/lowa This study
Black®

116



aG2F3 tcg gca geg tca gat gtg tat aag aga cag TTG TGA ATG AAG ATG  (303)
GCGTCGA

aG2R1 gtc tcg tgg gct cgg aga tgt gta taa gag aca g TGC ATA ACC ATT (303)
RTA CAT TCT

aMON431n tcg gca geg tca gat gtg tat aag aga cag TGG ACH AGR GGN CCY  This study
AAY CA

aG2SKR gtc tcg tgg get cgg aga tgt gta taa gag aca g CCR CCN GCA TRH  This study
CCRTTR TACAT

3 Ambiguity code: Y, pyrimidine, (C/T); R, purine, (A/G); M, amino, (A/C); H, not G, (A/C/T); N, any
base, (A/T/C/G); |, inosine, unconventional purine base.

b Lowercase characters represent adapter or overhang sequence.

¢ZEN/lowa Black: internal ZEN and lowa Black double-quenched probe

5.3.6 Phylogenetic analysis of norovirus sequences

To genetically classify Gl and GIl noroviruses identified in this study,
representative viral sequences from the different genogroups and genotypes were
downloaded from GenBank. Phylogenetic analysis was conducted using the 5’ end of
the polymerase gene (Gl: 267 nt, Gll: 253 nt) and 3’ end of the VP1 gene (Gl: 295 nt,
Gll: 282 bp) (Table 5.1, Figure 5.1). The MUSCLE algorithm was used to align all
sequences and maximum likelihood phylogenetic trees were constructed in MEGA X
(225) using the Kimura 2-parameter (561) model and 1000 bootstrap replicates. The
results were also confirmed using the Norovirus Typing Tool Version 2.0 accessed from

https://www.rivm.nl/mpf/typingtool/norovirus (562).

5.3.7 Quantification of norovirus RNA levels in wastewater
Norovirus levels (Gll) in wastewater samples were first quantified in extracted

RNA by real-time RT-PCR using the pan Gll primers NV20F2/G2SKR and probe (G2F3P)
targeting the 5’ end of the major capsid protein gene VP1 (Table 5.1, Figure 5.1). Real-
time RT-PCR was performed using the iTaq Universal Probes One-Step Kit (Bio-Rad, CA,
USA) with 4 pL of input RNA in each reaction (20 uL). Cycling conditions were 50°C for
10 minutes and 95°C for 5 minutes, followed by 45 cycles of 95°C for 20 seconds, 55°C
for 20 seconds and 72°C for 20 seconds. Ten-fold dilutions of synthesised Gll norovirus
RNA were used to generate the standard curve for quantification.

To generate the template for RNA synthesis, Gll norovirus cDNA was amplified
using the primers T7-NV20F/NV20R, containing the T7 promoter sequence (Table 5.1).
T7 RNA synthesis was then performed using the HiScribe T7 High Yield RNA Synthesis
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Kit (New England BiolLabs, Ipswich, MA, USA), followed by RNA purification using the

Monarch RNA Cleanup Kit (New England Biolabs) both as per manufacturer’ guidelines.
5.3.8 Capsid genotyping of norovirus in wastewater samples from Sydney

and Melbourne

To understand the molecular diversity of Gll noroviruses circulating within the
wider community, norovirus genotypes in wastewater were investigated. Semi-nested
RT-PCR was performed on the extracted RNA to amplify the 5’ end of the VP1 gene for
Gll norovirus and lllumina Miseq library preparation were performed as described in
(303) (Figure 5.1). Briefly, one-step RT-PCR was performed using G2F1/G2R1 (Table
5.1) and SuperScript Ill One-Step RT-PCR System with Platinum Taq DNA Polymerase
(Invitrogen, Carlsbad, CA, USA). A second round PCR was performed using the
aG2F3/aG2R1 primers to attach Illumina sequencing adapters (denoted with “a”
before primer name) (Table 5.1). PCR amplicons were then purified using Agencourt
AMPure XP beads (Beckman Coulter, CA, USA). The next-generation sequencing (NGS)
library was then prepared using Nextera XT indexes (lllumina, San Diego, CA, USA)
followed by further bead purification. The KAPA Library Quantification Kit (Roche,
Clifton, NJ, USA) was used for gPCR-based library quantification prior to sample
normalisation and pooling. Samples were submitted to the Ramaciotti Centre for
Genomics (UNSW) where fragment sizes were evaluated on a Tape Station D5000
(Agilent Technologies, Santa Clara, CA, USA) and the library was prepared with a 10%
PhiX spike-in. Paired-end DNA sequencing was performed on the lllumina Miseq

platform using a v2 reagents (500 cycle chemistry) and terminated at 2 x 200 bp reads.

5.3.9 ORF1/2 overlap genotyping of norovirus in wastewater samples from

Sydney and Melbourne

Nested PCR was performed on the synthesised cDNA (section 5.3.3) to amplify
570 nt of the Gll norovirus ORF1/2 overlap region (Figure 5.1). An initial outer PCR was
performed with the Hep172/NV20oR primers (222, 292) (Table 5.1) and using the
Platinum SuperFi Il Green Master Mix (Invitrogen, Carlsbad, CA, USA). This was
followed by an inner PCR performed with the aMON431n/aG2SKR primers (557, 559,
563) (Table 5.1) and using the KAPA HiFi HotStart ReadyMix for the inner adapter PCR
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(Roche, Clifton, NJ, USA) to attach Illlumina sequencing adapters. All PCRs were
assembled and performed as per manufacturer’ protocol. Since high-fidelity
polymerases are incompatible with primers containing inosine bases due to their
proofreading ability, the original MON431 primer was modified to replace inosine with
the degenerate bases H and N, respectively (renamed MON431n) (Table 5.1). Libraries
were then submitted to the Ramaciotti Centre for Genomics where they were purified
using Agencourt AMPure XP beads and Nextera XT indexes were attached. The library
was then prepared with a 10% PhiX spike-in and sequenced on the lllumina Miseq

platform using Miseq v3 reagents (600 cycle chemistry) using paired-end 300 bp reads.

5.3.10Analysis of wastewater next-generation sequencing data

The software package Geneious Prime, version 2021.1.1 (Biomatters, Auckland,
New Zealand) was used to analyse the lllumina MiSeq data (Figure 5.1). The paired-end
sequences were merged using the BBMerge v38.84 plug-in on a low merge-rate setting
and primer sequences were removed. The reads were then mapped to a list of 66 GlI
reference sequences containing various combinations of P-type and genotypes
downloaded from GenBank and obtain in the present study (Appendix Table 8.2). The
built-in Geneious “Map to reference” tool was used, and parameters were set to
medium-low sensitivity and fine tuning with up to five iterations. Mapped sequences
were discarded if there were less than 10 reads that mapped to a reference sequence
in a given sample. The proportion of each genotype was then calculated by dividing the
total number of reads per genotype by the total number of mapped reads for that
sample. To compare capsid genotypic distribution obtained from the partial capsid and
ORF1/2 overlap region approaches, sequences containing different P-types were

pooled if the capsid genotype was the same.

5.4 Results

This study examined the prevalence of circulating norovirus genotypes in
Australia using both clinical and wastewater samples. A total of 727 clinical norovirus
positive stool specimens were collected in NSW between 2018 and 2020. Of these, 538
were associated with sporadic cases with the additional 189 samples collected from 66

different outbreaks. Additionally, 108 monthly wastewater specimens were collected
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from three different wastewater treatment plants, two from NSW and one from

Victoria.

5.4.1 Norovirus outbreaks in NSW, Australia

A total of 66 norovirus-associated AGE outbreaks were genotyped using stool
specimens collected from 189 sampled patients during the study period, 2018-2020.
The scale of these outbreaks varied considerably (ranging from 2 — 131 people) and
affected more than 920 patients in total. Six different outbreak settings were identified
— aged care facility, cruise ship, hospital ward, private home, childcare centre, and
social function (Figure 5.2A). Most outbreaks occurred in aged care facilities (40.9%,
n=27/66), followed by hospital wards (36.3%, n=24/66) and then cruise ships (13.6%,
n=9/66). Gll noroviruses were identified in 89.3% of outbreaks (n=59/66) whilst Gl
viruses were identified in 9.9% (n=6/66) and the much rarer GIX in a single outbreak in
a hospital ward (1.5%, n=1/66) (Figure 5.2B). Norovirus outbreaks in NSW, Australia
were caused primarily by GIl.4 Sydney 2012 [P16] (25.8%, n=17/66), followed by GII.3
[P12] (21.2%, n=14/66), GII.2 [P16] (18.1%, n=12/66) and GlI.4 Sydney 2012 [P4 NO
2009] (12.1%, n=8/66) (Figure 5.2B).

(B)
Qutbreak settin Genotype
[ Aged care facility ; g{her Gll
3 Cruise ship =3 GII.3 [P12]

3 Hospital ward
3 Private home
Ea Childcare centre
[ Social function

= Gll.4 Syd 2012 [P4 NO 2009]
= Gll.4 Syd 2012 [P16]

03 Gll.4 Syd 2012 [P31]

= Gll.2 [P16]

=3 GIX.1 [GII.P15]

Figure 5.2. Settings and genogroup classification of norovirus strains identified from
outbreaks in NSW, Australia between 2018-2020.

Sixty-six norovirus outbreaks were genotyped within the study. (A) Outbreak settings where
norovirus was identified as the causative agent, with colours denoting settings, as shown in the
legend. (B) Genotype identification of the norovirus strain sequenced, with colours denoting
genotype. An outbreak was defined as two or more cases sharing the same genotype, linked
by location and time or from epidemiological tracing performed by NSW public health
authorities.
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5.4.2 Institutional gastroenteritis outbreaks reported in NSW, Australia

The emergence of new norovirus strains of clinical significance is often marked
by sudden increases in gastroenteritis activity. For this reason, the monthly number of
institutional gastroenteritis outbreaks was also obtained from the NSW Ministry of
Health (MoH), Australia to enable identification of temporal changes in gastroenteritis
activity between 2018 and 2020. Since elevated levels of AGE activity were reported in
2017 due to the emergence of Gll.4 Sydney 2012 [P16] (229), numbers were compared
to 2016 instead.

During 2018, the number of reported gastroenteritis outbreaks (n=684) was
comparable to 2016 (n=793) (303) and no remarkable increases or declines in AGE
activity was observed (Figure 5.3, Appendix Figure 8.1). Between August and
December 2019, a period of elevated gastroenteritis activity was observed where 731
institutional gastroenteritis outbreaks were reported across NSW to the MoH and
represented a 2.0-fold and 2.8-fold increase in outbreaks compared to the same period
in 2016 (n=368) (303) and 2018 (n=259), respectively (Figure 5.3). This increase in
outbreaks was concentrated in childcare facilities (71.8%, n=525/731) (Figure 5.3), and
during this time the GII.3 [P12] virus was prevalent among children <5 years of age

(explored later in section 5.4.4).

In 2020, institutional gastroenteritis outbreaks could be separated into three
periods, the pre-lockdown (January to March), lockdown (April to September) and
easing (October to December 2020). During the pre-lockdown period a similar number
of institutional gastroenteritis outbreaks (n=188) were reported to the MoH compared
to the same period in 2016 (n=164) (303) and 2018 (n=193) (Figure 5.3). During
lockdown however, a marked decrease in institutional outbreaks occurred; from April
to September 2020, only 90 institutional gastroenteritis outbreaks were reported, this
represented a ~4.5-fold reduction in reported gastroenteritis outbreaks compared to
2016 (n=414) and 2018 (n=392) (Figure 5.3). In November 2020 however, a sudden
spike in gastroenteritis outbreaks was reported to the MoH, and this increased activity
continued until the end of the study period. In these two months alone, a total of 486

institutional gastroenteritis outbreaks were detected, which is 3.9-fold and 6.8-fold
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higher than in 2016 (n=126) and 2018 (n=72), respectively. This increase in outbreaks
was also concentrated in childcare facilities (91.0%, n=442/486) (Figure 5.3).
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Figure 5.3. Institutional gastroenteritis outbreaks reported in NSW, 2018-2020.

The number of monthly institutional gastroenteritis outbreaks reported during 2018-2020 was
obtained from the NSW Ministry of Health. The outbreak settings are categorised and
represented by different colours as indicated by the legend. Lockdown intensity correlated
with grey shading as shown, between April and October 2020.

5.4.3 Institutional gastroenteritis outbreak trends were reflected by the

norovirus levels detected in sewage

Although institutional gastroenteritis outbreak data is useful for investigating
sudden increases in gastroenteritis activity, it is heavily biased towards gastroenteritis
disease in young children and the elderly due to the government mandated reporting
of outbreaks in institutions including childcare centres and aged care facilities.
Quantification of norovirus RNA levels within wastewater samples can offer a better
way of monitoring the levels of viral activity in the community. Therefore, norovirus
RNA levels were measured in monthly sewage samples collected from the large

Malabar WWTP, which covers a population of 1.86 million, between 2018 and 2020.
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From 2018 to 2020, norovirus levels quantified in wastewater ranged from 2.0
x 10* gc/L to 3.8 x 10° gc/L, with the higher levels typically observed during the colder
months (July to October) (Figure 5.4). Changes in institutional gastroenteritis outbreak
activity was also reflected by levels of norovirus detected in sewage samples collected
at the corresponding timeframe. For example, during the first period of elevated
institutional AGE activity between August and December 2019, norovirus viral load in
wastewater also reached a peak of 3.8 x 10° gc/L sewage in August and remained at
elevated levels (>10° gc/L sewage) throughout the remainder of 2019 (Figure 5.4).
Similar trends were also seen for the trough period in late 2018, as norovirus levels
gradually fell from seasonal winter peak of 3.3 x 108 gc/L in August down to just 2.6 x
10% gc/L in December 2018 (Figure 5.4), reflecting similar declines in institutional AGE

activity reported to the MoH (Figure 5.3).

Trends seen in institutional gastroenteritis outbreaks during 2020 could also be
observed in the wastewater samples. After lockdown orders were enforced on March
31, there was an immediate decrease in the levels of norovirus in the wastewater of
more than 90%. As norovirus levels in April 2020 fell from 2.5 x 10° gc/L in March to
below the quantitative RT-PCR detection limit (1.5 x 10* gc/L) and hence could not be
measured accurately (Figure 5.4). Similarly, the number of institutional outbreaks
reported in April (n=8), decreased by more than 85% in March (n=56) and remained
low in subsequent months (May — September 2020) (Figure 5.3). As restrictions began
to ease in June, norovirus concentrations in sewage also gradually returned to 2019
levels (1.5 x 10° gc/L) (Figure 5.4) and these trends observed in wastewater preceded

similar observations from institutional reporting.

Overall, comparison of norovirus levels for the period following the lockdown
termed the “socially distanced period” here, from May to September 2020 (1.4 x 10°
gc/L) with the same period in 2018 (1.6 x 10° gc/L) and 2019 (1.9 x 10° gc/L), revealed
an average overall decrease of more than 90% (Figure 5.4). This decline followed
similar trends observed in institutional gastroenteritis outbreak activity reported by

the NSW MoH (Figure 5.3).
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Finally, during the second period of elevated activity (November to December
2020) norovirus levels in sewage continued to increase from August and reached their
2020 peak of 2.0 x 10° gc/L in December (Figure 5.4). This corresponded to the peak in
institutional gastroenteritis outbreaks, largely seen in childcare centres, as reported by

the NSW MoH (Figure 5.3).
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Figure 5.4. Quantification of Gll norovirus in Sydney wastewater 2018-2020.

Genogroup Il norovirus RNA levels were measured in monthly wastewater samples collected
from the Malabar WWTP between 2018 and 2020. Periods of lockdown are indicated by grey
shading, with lighter grey gradient representing easing restrictions whilst orange shading
indicates the usual Oceania norovirus peak. Norovirus RNA levels in April 2020 were below
assay detection limits and is represented by a pale green bar below the limit of detection. The
mean and standard deviation for each sample was calculated from triplicate reactions.

5.4.4 The increases in AGE outbreak activity in NSW were not caused by

the emergence of new strains

Following identification of two periods of increased institutional gastroenteritis
outbreak activity in childcare facilities, between August and December 2019, and
between November and December 2020, the circulating norovirus genotypes infecting
children aged five and under were investigated to identify the potential emergence of
new outbreak strains. Since patient samples were not available for many of the
reported childcare outbreaks, genotyping data obtained from sporadic cases in

children aged five and under was also included (n=267) (Figure 5.5).
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Prior to the first spike in gastroenteritis activity in August 2019, the
recombinant GlI.3 [P12] strain represented only 20.0% of cases/outbreaks in children
aged five and under (2018: n=17/85; January to July 2019: n=17/85) (Figure 5.5). The
recombinant Gll.4 Sydney 2012 [P16] was the predominant strain detected in children
in 2018 (35.3%, n=30/85), whereas between January to July 2019, three strains were
detected at similar rates (Figure 5.5). These were the Gll.4 Sydney 2012 [P16] (22.4%,
n=19/85), Gll.4 Sydney 2012 [P31] (21.2%, n=18/85) and GII.3 [P12] (20.0%, n=17/85)
(Figure 5.5). During the period of elevated activity however (August to December
2019), GlI.3 [P12] prevalence increased 2.6-fold and caused 52.8% (n=28/53) of

norovirus cases/outbreaks detected in children aged five and under (Figure 5.5).

Similarly, the second spike in childhood gastroenteritis activity from November
to December 2020 was caused by GlI.2 [P16], another existing recombinant norovirus
(Figure 5.5). The strain caused 72.7% (n=16/22) of cases/outbreaks detected in
children aged five and under (Figure 5.5). In comparison, Gll.2 [P16] represented only
27.3% (n=6/22) of gastroenteritis incidences in children between January and October
2020, with GII.3 [P12] (n=5/22, 22.7%) and GIl.4 Sydney 2012 [P16] (n=4/22, 18.2%)

following close behind (Figure 5.5).
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Figure 5.5. Norovirus genotypes detected in children aged five and under.

The different norovirus genotypes detected in children aged five and under were investigated for each year and split into periods of normal and elevated
activity. During periods of normal activity, two or more different genotypes were co-dominant in circulation amongst children whilst during periods of
elevated activity, a clear predominant strain was detected. The total number of cases/outbreaks in each period is indicated on the pie charts. Genotypes are
colour-coded as indicated in the legend.
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5.4.5 Molecular epidemiology of Gll and GIX noroviruses

Across all age groups, Gll noroviruses represented 90.6% (n=547/604) of
norovirus cases/outbreaks in Australia between 2018 and 2020, whilst five
cases/outbreaks (0.8%) of GIX.1 norovirus were detected (Figure 5.6). To compare the
identified Gll and GIX norovirus sequences obtained, representative sequences (n=100)

were selected for phylogenetic tree construction (Figure 5.7).

In 2018, Gll noroviruses represented 90.6% (n=183/202) of gastroenteritis
cases/outbreaks sampled. The three predominant genotypes identified over the year
were Gll.4 Sydney 2012 [P16] (27.2%, n=55/202), GII.2 [P16] (24.3%, n= 49/202) and
Gll.3 [P12] (12.4%, n=25/202) (Figure 5.6).

In 2019, GIl noroviruses caused 90.4% (n=265/293) of norovirus
cases/outbreaks sampled. The two most dominant strains were the recombinant Gll.4
Sydney 2012 [P16] (24.9%, n=73/293) and GlI.3 [P12] (26.6%, n=78/293), whilst GII.2
[P16] which was prevalent in 2018 represented only 7.8% (n=23/293) of

cases/outbreaks that year (Figure 5.6).

The molecular epidemiology of human norovirus in 2019 can be separated into
two main periods (described in 5.4.2). During the first period (January to July 2019),
the dominant strain detected was GIl.4 Sydney 2012 [P16] (25.7%, n= 47/183),
followed by GII.3 [P12] (13.1%, n=24/183), GIl.4 Sydney 2012 [P4 NO 2009] (12.0%,
n=22/183) and Gll.2 [P16] (9.3%, n=17/183) (Figure 5.6). From August to December
2019 however, the predominant strains shifted, and this was associated with an
increase in norovirus activity in childcare centres involving GII.3 [P12] (49.1%,
n=54/110), which was the most prevalent norovirus detected, followed by GlI.4 Sydney
2012 [P16] (23.6%, n=26/110), GIl.7 [P7] (6.4%, n=7/110) and GlIl.6 [P7] (6.4%,
n=7/110) (Figure 5.6).
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Figure 5.6. Monthly distribution of norovirus genotypes identified in NSW, Australia between 2018-2020.

A total of 547 GlI norovirus cases/outbreaks were genotyped in this study. Colours represent different capsid genotypes, whilst patterns are used to denote
different P-types associated with the genotypes. The total number of cases and outbreaks in each month is indicated by numbers above the graph. Each
outbreak was counted as one independent event of norovirus. The Gll ND (not determined) represents samples that had incomplete genotyping results
where only capsid or the polymerase sequence was determined. Lockdown restriction intensity in 2020 is indicated using grey shading above the graph. The
different periods of AGE activity separated into normal/reduced and elevated activity are indicated below the graph.
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The molecular epidemiology of human norovirus in 2020 can be loosely
separated into two main periods. The normal/reduced activity period from January to
October which includes seven months of social distancing restrictions of varying
intensity between April and October 2020 and the post-lockdown period from
November to December during which another spike in childcare AGE activity was
detected (described in 5.4.2) (Figure 5.6). Overall, Gll noroviruses represented 90.8%

(n=99/109) of norovirus cases/outbreaks in 2020.

Before the implementation of lockdown measures (January to March 2020),
Gll.4 Sydney 2012 [P16] (29.4%, n=10/34) was the predominant strain detected in
NSW, followed by GlI.3 [P12] (14.7%, n=5/34) (Figure 5.6). This is in stark contrast to
the remainder of the year where only a single case of the recombinant Gll.4 Sydney
2012 [P16] (1.3%, n= 1/75) strain was detected in September and just two cases of
GlI.3 [P12] (2.7%, n=2/75) were detected in December 2020 (Figure 5.6). On the other
hand, GIlI.2 [P16], which represented only 5.9% (n=2/34) of cases/outbreaks in the first
three months of the year, became the dominate strain after lockdown restrictions

were introduced (65.0%, n=48/75) (Figure 5.6).
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Figure 5.7. Phylogenetic analysis of the partial polymerase (NS7, RdRp) and capsid
(VP1) regions of Gll noroviruses.

Representative norovirus Gl strains (includes GIX.1) isolated in this study (n=100/552) are
shown in this phylogenetic analysis. All samples are labelled with their month and year of
isolation. Reference strains were obtained from the GenBank database, labelled with their
genotype and accession number. Maximum likelihood phylogeny was derived from (A) the
partial 3’ end of the polymerase gene (253 bp) and (B) the partial 5° end of the major capsid
gene (285 bp) of GII noroviruses. Sequence alignments were performed with the MUSCLE
algorithm. Maximum likelihood phylogenetic trees were produced with MEGA X (225) based
on the Kimura two-parameter model (561) and 1,000 bootstrap replicates. The bootstrap
percentage values are shown for values 270%. The scale bar indicates the number of
nucleotide substitutions per site. For clarity, shading is included to distinguish between
genotypes more clearly. Additionally, some genotypes have been collapsed (black triangles).
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5.4.6 Molecular epidemiology of Gl noroviruses

Gl noroviruses represented 8.6% (n=52/604) of all norovirus cases/outbreaks
identified in NSW between 2018 and 2020 (Figure 5.8). To compare the identified
norovirus sequences, representative Gl norovirus sequences (n=30/52) were selected
for phylogenetic tree construction (Figure 5.9). The GIl.4 [P4] virus was the most
common (32.7%, n=17/52), followed by GI.3 [P13] (15.4%, n=8/52) and GI.3 [P3]
(11.5%, n=6/52) (Figure 5.8).

2018 - 2020

P-type
5.77% GI.1 [P1]
577% GI.2 [P2]
11.54% GI.3 [P3]
15.38% GI.3 [P13]
32.69% Gl.4 [P4]
5.77% GI.5 [P4]
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1.92% GI.6 [P11]
5.77% GIl.7 [P7]
1.92% GI.8 [P8]
7.69% ND
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Figure 5.8. Distribution of Gl norovirus genotypes identified in NSW, Australia
between 2018-2020.

A total of 52 independent Gl norovirus events were genotyped in this study. Different colours
represent the different capsid genotype/P-type combinations. The percentage prevalence over
the study period is shown. The ND represents samples that had incomplete genotyping results
where only the capsid or the polymerase region was determined. Smaller pie charts represent
the Gl norovirus annually. Each outbreak was counted as one independent event of norovirus.
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Figure 5.9. Phylogenetic analysis of the partial polymerase (RdRp) and capsid (VP1)
regions of Gl noroviruses.

Representative norovirus Gl strains isolated in this study (n=30/52) are shown in this
phylogenetic analysis. All samples are labelled with their month and year of isolation.
Reference strains were obtained from the GenBank database, labelled with their genotype and
accession number. Maximum likelihood phylogeny derived from (A) the partial 3’ end of the
polymerase gene (264 bp) and (B) the partial 5’ end of the major capsid gene (297 bp) of GI
noroviruses. Sequence alignments were performed with the MUSCLE algorithm. Maximum
likelihood phylogenetic trees were produced with MEGA X (225) based on the Kimura two-
parameter model (561) and 1,000 bootstrap replicates. The bootstrap percentage values are
shown for values >70%. The scale bar indicates the number of nucleotide substitutions per
site. For clarity, shading is included to distinguish between genotypes more clearly.

5.4.7 Comparison of Gll norovirus partial capsid and ORF1/2 overlap

amplicon sequencing in 2018 wastewater.

This study aimed to gain a comprehensive understanding of norovirus at a
population scale using NGS of amplicons generated from RNA extracted from
wastewater samples. Previously, our group has used the partial capsid (Cap) amplicon
for NGS norovirus genotyping of monthly wastewater samples (229, 303). However,

this approach is unable to identify the presence of clinically relevant recombinant
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strains due to the lack of sequencing of the RdRp region. Therefore, this chapter aimed
to develop an alternative approach which utilises the ORF1/2 overlap region instead,
which would enable the identification of recombinant strains and allow for better
strain genotyping. RNA extracted from monthly wastewater samples in 2018 (n=36)
were amplified and sequenced using both approaches and compared (Cap: 915,724
reads, ORF1/2: 2,413,260 reads) (Figure 5.10). Using the ORF1/2 approach, a greater
level of sequencing depth was obtained. Using the partial capsid approach, 14
genotypes were detected, whereas using the ORF1/2 overlap amplicon, 17 different

capsid genotypes were detected (Figure 5.10D).

The overall prevalence of Gll.4 (Cap: 40.2%, ORF1/2: 51.1% of average monthly
reads), one of the most prevalent norovirus genotypes was similar across the two
different approaches (Figure 5.10). However, the other predominant genotype, Gll.2,
varied in prevalence across the two approached (Cap: 47.0%, ORF1/2: 22.6% of
average monthly reads). The greatest disparity was observed when comparing the
prevalence of Gll.1 (Cap: 7.3%, ORF1/2: 0.5% of average monthly reads) and GIX.1
(Cap: 0.5%, ORF1/2: 0.05%) which both possessed >10-fold change in average monthly

reads across the two approaches (Figure 5.10).
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Figure 5.10. Comparison of GIl norovirus capsid and ORF1/2 overlap genotypic
distribution in sewage samples collected from Sydney and Melbourne, 2018.

The monthly norovirus genotypic distribution was determined for the(A) Bondi, (B) Malabar
and (C) Melbourne WWTPs in wastewater samples using both RT-PCR methods; partial capsid
method and the ORF1/2 overlap method. Amplicons were sequenced on the Miseq platform
and Geneious Prime was used for the merging and mapping of reads to reference sequences.
The distribution of capsid genotypes identified using the two different approaches for each
sample is presented side by side with partial capsid amplicon denoted as Cap and the ORF1/2
overlap amplicon denoted as 1/2. (D) The diversity of genotypes detected using each approach
is also shown. A total of 14 different capsid genotypes were detected using the partial capsid
approach whilst the ORF1/2 overlap approach identified 17 genotypes.

5.4.8 Norovirus Gll genotype distribution in wastewater samples, 2018-

2020

The ORF1/2 overlap region (570 bp) was amplified from monthly wastewater
samples collected from three WWTPs from Sydney and Melbourne and sequenced on
the Illumina Miseq platform because work in section 5.4.7 showed it provides a more
accurate and comprehensive genetic typing of the virus, with the added ability of
determining P-type. A total of 7,314,584 filtered and successfully mapped reads were
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generated from the 108 wastewater samples, with an average of 67,728 reads for each

sample (range 11,489 — 166,132).

Using this new approach, GIl.4 was found to be the predominant capsid
genotype (53.1% of reads) across the three sites, followed by GlI.2 (20.2% of reads).
Gll.P16 was the predominant P-type and accounted for 86.4% of reads across the three
sites (Figure 5.11). The recombinant GIl.4 Sydney 2012 [P16] was the predominant
strain in wastewater throughout 2018 and 2019 (63.5% reads) (Figure 5.11), this trend
continued until April 2020, where it dropped to less than 1% of reads that month
(Figure 5.12).

The second most prevalent strain in the wastewater was the GII.2 [P16] which
represented 19.7% of total reads across the three sites (Figure 5.11). The prevalence of
this recombinant virus fluctuated throughout the study period. For the Bondi and
Malabar sites, the GII.2 [P16] represented 25.4% of reads in 2018 but halved to just
13.0% reads in 2019. It remained in circulation in relatively low levels at Bondi (<5%
reads) throughout the start of 2020, until September when it became the dominant
strain detected in wastewater (Figure 5.11A). At Malabar, it represented <10% of reads
during the first half of the year until August when it became the dominant strain

detected in wastewater (Figure 5.11B).

For Melbourne, GIl.2 [P16] represented 10.8% of reads in 2018, but its
prevalence declined much sooner, representing 11.1% of reads during the first half of
2019 and just 1.4% reads in the latter half of the year, and remained at these low
levels for most of 2020 (Figure 5.11C, Figure 5.12C). Although Gll.2 [P16] prevalence
did rise again in August 2020 in Melbourne (13.0% of reads), unlike in Sydney the
recombinant Gll.2 [P16] did not dominate and only reached its 2018 levels (Figure
5.11C).

Overall, 39 different genotype/P-type combinations were detected, which
includes 21 minor genotypes that each represented less than <0.1% of total reads
(Figure 5.12). Notable examples are GII.13 [P21], GI.14 [P7], GI..1 [P33], GIX.1
[GII.P15], GIl.4 Sydney 2012 [P4 NOJ], GII.8 [P8] and GIl.3 [P21], which were also

detected in clinical stool specimens (Figure 5.11A, B; Figure 5.12A, B; Figure 5.14).
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Figure 5.11. Major norovirus Gll genotype distribution in wastewater samples collected from Sydney and Melbourne, 2018-2020.

The monthly genotypic distribution of major Gll norovirus in wastewater between January 2018 and December 2020 was determined using ORF1/2
overlap amplicons for the (A) Bondi, (B) Malabar and (C) Melbourne WWTPs. Amplicons were sequenced on the Miseq platform and Geneious Prime
was used for the merging and mapping of reads to reference sequences. For clarity, in each sample, only major genotypes (2% of reads in a given
sample) are shown on the graphs, whilst minor genotypes (<2% of reads in a given sample) have been shown combined.
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Figure 5.12. Minor norovirus Gll genotype distribution in wastewater samples collected from Sydney and Melbourne, 2018-2020.

The monthly genotypic distribution of minor Gll norovirus strains in wastewater between January 2018 and December 2020 was determined using
ORF1/2 overlap amplicons for the (A) Bondi, (B) Malabar and (C) Melbourne WWTPs. Amplicons were sequenced on the Miseq platform and Geneious
Prime was used for the merging and mapping of reads to reference sequences. For clarity, only the minor genotypes (<2% of reads in a given sample)
are shown.
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5.4.9 Diversity of noroviruses genotypes and P-types detected

A diverse range of human norovirus genotypes were detected from the human
Gl, Gll and GIX genogroups in this study from clinical cases. This included eight
different Gl capsid genotypes and nine Gl P-types (Figure 5.13), whilst 15 Gll capsid
genotypes, GIX.1 (formerly known as GII.15), and 11 Gl P-types were identified across

the time-frame sampled (Figure 5.14).

This study also examined the distribution of Gll capsid genotypes and P-types in
monthly wastewater samples collected from three sites in Australia to better
understand the circulating norovirus within the population between 2018 and 2020.
From wastewater, 17 of 26 Gll capsid genotypes and GIX.1 were identified across the

three sites, as well as 14 of 37 GllI P-types, and the unassigned GII.PNA5 (Figure 5.14).

To infer a recombination predilection of the different norovirus polymerases,
the combinations of P-type and capsid genotype were examined. Overall, the most
promiscuous RdRp was the GII.P16 polymerase, which was associated with 11 different
capsid genotypes (Figure 5.14). This was followed by the GII.P7 polymerase which was
associated with six different capsid genotypes (Figure 5.14). Similarly, GlIl.4 was the
most common capsid and was identified with eight different P-types. This was
followed equally by GII.3, GIl.2 and GII.17 which were each associated with four
different P-types (Figure 5.14).

Total Ptypes| 1 | 1 2 1 2 1 1 1
ci.r1| i
GLP2
GLP3
GlPa
GLP7
GlPg
GILP11
GLP12
GILP13

Sample type

clinical g

[ N

Gl.l | Gl.2 | GI.3 | Gl4 | GI.5 | GI6 | GI.7 | GIL.B |Total genotypes

Figure 5.13. Diversity of Gl norovirus P-type and genotype combinations detected.

The different combinations of Gl norovirus P-type and capsid genotype identified from clinical
samples. A total of eight different P-types and nine different genotypes were detected over
the course of the study.
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Figure 5.14. Diversity of Gll norovirus P-type and genotype combinations detected.

The different combinations of Gll norovirus P-type and capsid genotype identified from clinical
(blue) and wastewater (orange) samples are shown. A total of 15 different P-types and 18
different genotypes were detected over the course of the study. GIX.1 (formerly Gll.15) has
also been included here since it is also amplified by the same Gll norovirus primers. GIl.PNA5
refers to a temporarily designated P-type which has not been formally classified due to an
insufficient number of sequences (224).

5.5 Discussion

It has been more than nine years since the last novel pandemic Gll.4 variant,
Sydney 2012 first emerged (295). The Sydney 2012 capsid from that particular virus
has extended its dominance in the population by undergoing recombination with a
GII.P16 virus to create the Gll.4 Sydney 2012 [P16] virus that became the predominant
strain from 2016 and 2017 in Oceania (229), USA (540), Canada (536) and Brazil (543),
among others. In Asia, however, the Gll.4 Sydney 2012 [P16] strain never attained the
same level of prevalence, and the decline in the original Sydney 2012 variant was
instead accompanied by a surge in outbreaks caused by non-Gll.4 viruses, and in
particular Gll.2 [P16] (305, 306, 547, 550, 564, 565). Overall, however, the molecular
epidemiological landscape of norovirus over the past few years has remained relatively
stagnant, with no novel viruses emerging (540, 566, 567). The present chapter aimed
to explore the molecular epidemiological trends of circulating norovirus strains in
Australia over a three-year period from 2018 to 2020 using both clinical and

wastewater specimens and compare them to trends seen globally.

Since its first detection in NSW in November 2014 (303), the Gll.4 Sydney 2012
[P16] has outcompeted several epidemic noroviruses to reach its height of prevalence
in 2017 (229). Although its prevalence has since declined it has remained one of the
leading strains detected in the present study and represented 26.1% of clinical cases
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and outbreaks between January 2018 and March 2020, when COVID-19 lockdowns
began (26.1%, n=138/529) (Figure 5.6). During this 27-month period its dominance was
closely contested by the recombinant GlIl.2 [P16] strain (2018: 24.3%, n= 49/202),
which dominated in Asia (567), and the GIl.3 [P12] virus (2019: 26.6%, n=78/293)
(Figure 5.6), which was prevalent in childcare facility outbreaks. Although co-
dominance may be observed during strain replacement such as when new Gll.4
pandemic variants emerge, this is short-lived over the span of a few of months, as the
novel virus usually rapidly replaces the previous strain (231, 295, 564). What was
unusual in both these instances, however, was that the co-dominant virus did not

replace the Gll.4 Sydney 2012 [P16] virus and instead declined after a few months.

The increased prevalence of GII.3 [P12] in clinical samples in 2019 correlated
with a two-fold increase in institutional gastroenteritis outbreak activity detected
between August and December (Figure 5.3). These outbreaks occurred predominantly
in childcare facilities (71.8%, n=525/731). The GII.3 [P12] was first detected in NSW in
2014, before emerging in 2016 to replace the GII.3 [P21] as a predominant cause of
childhood gastroenteritis (229, 293, 303). Like other GlI.3 viruses, it is less commonly
detected in the adult population (311). Analysis of amino acid substitutions in the GlI.3
VP1 gene in previous work revealed that there was a cyclical evolutionary pattern, with
a tendency for key surface amino acid residues to revert to those previously used (310,
568). Since young children are more likely to be immunologically naive, this would
allow GII.3 viruses to continually infect this population despite accumulating less
amino acid changes within the antigenic regions compared to GlI.4 viruses for instance.
Furthermore, children with gastroenteritis are more likely to present for medical
advice, or at emergency departments compared to adults, creating sampling bias
towards viruses in children which would partly explain its high prevalence in 2019. As
children were infected with GII.3 [P12] from these outbreaks and developed immunity
to the virus (569-573), the proportion of naive individuals declined and so without a

susceptible population to infect, the Gll.3 [P12] subsequently declined in prevalence.

Furthermore, analysis of Gll norovirus genotype distribution in wastewater
revealed that Gll.4 Sydney 2012 [P16] remained in circulation within the community at

high levels throughout 2018, 2019 and until March 2020 (Figure 5.11). Although GII.3
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[P12] represented 49.1% of detections (n=54/110) in clinical samples between August
and December 2019, its prevalence in wastewater was low and represented only
0.42% of total reads during these months (Figure 5.12A, B). There are two main
explanations for this, firstly, due to a lack of antigenic novelty, GlIl.3 [P12] is less
commonly detected in older children and adults (i.e., most individuals shedding into
wastewater) (310, 311). Secondly, the diaper wearing age group (0-2 years) which
make up a large proportion of the AGE cases would be shedding far less frequently into
sewage. Interestingly, the levels of GIl.3 [P12] in Sydney wastewater in July 2019
(0.46% of reads) represented more than five-fold increase compared to June (0.08% of
reads). This indicates that GII.3 [P12] circulation within the community may have
increased in July (Figure 5.12A, B), one month before elevated childcare outbreaks
were reported (Figure 5.3). This was congruent with our previous work, which similarly
reported a rise in GIl.2 abundance in 2016 wastewater two months prior to its
increased detection in clinical samples (303). Together, this provides evidence for the

feasibility of wastewater analysis as a sentinel surveillance platform.

The COVID-19 pandemic and subsequent infection containment measures have
disrupted the epidemiology of norovirus around the world (574-578). Although
norovirus circulates all year round, there are seasonal patterns with increased activity
typically during the colder months of the year in temperate countries (Oceania: July to
October, Northern hemisphere: December to February) (579). During the 2020/21
winter season, norovirus outbreak numbers reported by the Norovirus Sentinel Testing
and Tracking (NoroSTAT) network were more than ten-fold lower than in 2019/20
(576). Likewise, in Germany, a sharp decline in the percentage of norovirus positive
samples was observed in February 2020, reaching near 0% in May where it continued
for the remainder of the year (577). A similar decrease in norovirus activity in 2020 was

also noted in Victoria, Australia after implementation of public health measures (578).

Whilst these studies observed a decrease in laboratory confirmed norovirus
cases after implementation of public health measures, this has also been in
combination with a decline in testing and reporting (574-578) which can make it
difficult to quantify the true effects of social distancing. The present study navigated

this limitation of clinical sampling through analysis of wastewater, which was able to
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continue uninterrupted throughout the COVID-19 lockdown. Through quantification of
norovirus genome copies in monthly wastewater samples, this study provided
conclusive evidence of the immediate decline in norovirus levels within the community
in April 2020, after lockdown (below assay detection limits). This decrease was
sustained throughout the socially distanced period of May to September 2020
(average: 1.4 x 10° gc/L) and represented more than 90% lower viral load compared to

the same period in 2018 (1.6 x 108 gc/L) and 2019 (1.9 x 108 gc/L) (Figure 5.4).

Since its first detection in NSW in 2013 (302) and global emergence in 2016 and
2017 (312, 541, 546, 548, 549), the prevalence of the recombinant GII.2 [P16] in NSW
has fluctuated (229, 303). Over the study period, the recombinant GIl.2 [P16] was the
second most dominant virus detected in both clinical (20.2%, n=122/604, Figure 5.6)
and wastewater specimens (19.7% of total reads, Figure 5.11). However, prior to
COVID-19 lockdown measures implemented in late March 2020, the prevalence of the
Gll.2 [P16] was waning, dropping from 24.3% (n=49/202) of clinical samples in 2018 to
just 7.8% (n=23/293) of norovirus events in 2019 and 5.9% (n=2/34) during the pre-
lockdown period in 2020 (Figure 5.6). This was consistent with trends observed in NSW
wastewater, where its prevalence halved from 25.4% of reads in 2018, to 13.0% reads
in 2019 and further declined to just 3.6% of reads during the first three months of
2020 (Figure 5.11A, B).

The recombinant Gll.2 [P16] remained in circulation throughout the lockdown
period and gradually re-emerged in August 2020, as social distancing restrictions were
eased, to become the most dominant genotype detected in NSW wastewater by the
end of the year (98.9% of reads in November and December, Figure 5.11A, B). During
this time, elevated institutional gastroenteritis activity (6.8-fold higher than 2018) was
observed, primarily concentrated in childcare centres in NSW (Figure 5.3). Unlike the
Gll.3 [P12] virus however, Gll.2 [P16] is clinically observed in a wider age group (549),
as evidenced by its prevalence in wastewater during November and December 2020
(Figure 5.11A, B). Hence it was unsurprising that increases in Gll.2 [P16] prevalence
also corresponded to increases in Gll norovirus levels measured in Sydney sewage

(Figure 5.4). Although GII.2 [P16] is not a novel virus, it has demonstrated capability to
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cause epidemics and has remained the leading cause of norovirus outbreaks in

western China throughout 2018/19 (565, 567, 580).

More recently in Asia (2018-2020), the predominant norovirus strain identified
from clinical samples may have changed without the requirement of the emergence of
any new single pandemic strains. In Hong Kong, the proportion of Gll.4 Sydney 2012
viruses possessing a GII.P31 non-structural region increased 2.3-fold for the 2019/20
season (65%, n=138/213) compared to the 2018/19 season (28%, n=89/314) (581).
Similarly, in the north-eastern city of Tianjin, China, a study of norovirus AGE cases
among hospitalised children between August 2018 and July 2020 revealed that the
predominant genotype was the Gll.4 Sydney 2012 [P31] (n=294/449, 65.5%), a
surprising resurgence of the Sydney 2012 pandemic variant (566). Likewise, in western
China, GIll.4 Sydney 2012 [P31] was also the dominant norovirus detected in
hospitalised children (n=79/163, 48.5%) between 2015-2019 (567). It is important to
note however, that these two Chinese studies observed a discordance in strain
prevalence between sporadic cases and outbreaks. This is understandable since the
Sydney 2012 pandemic has been circulating in the population since late 2012 and
hence most of the population should be immune. It would be interesting however, to
see if similar trends of Sydney 2012 pandemic variant resurgence will occur elsewhere
in the world. Only continued close monitoring of norovirus molecular epidemiology

will be able to answer this question.

5.6 Concluding remarks

This chapter explored the molecular epidemiological landscape of circulating
norovirus in NSW between 2018 and 2020. No novel strains of clinical significance
were detected in the present study. Instead, genotyping of clinical specimens revealed
an interesting dynamic of Gll.4 Sydney 2012 [P16] co-dominance with GII.3 [P12] and
Gll.2 [P16] across the study period. Analysis of monthly wastewater samples revealed
that norovirus levels within the community during lockdown were 90% lower
compared to previous years. The addition of ORF1 genotyping in sewage has greatly
enhanced its sentinel surveillance capabilities by facilitating the detection of
recombinant viruses. This will be important for identifying emergent recombinant

strains that may possess epidemic or pandemic potential.
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6 Molecular epidemiology of adenovirus-associated
gastroenteritis in Australia, 2018 to 2021
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6.1 Abstract

Human adenoviruses (HAdV) are double-stranded DNA viruses that can cause a
wide spectrum of clinical manifestations. Enteric HAdV types F40 and F41 are
collectively documented as one of the most important causes of acute gastroenteritis
(AGE). The role of other non-group F HAdV types in AGE, however, is controversial.
This chapter explored the molecular epidemiology of adenovirus-associated
gastroenteritis in NSW, Australia over a four-year period from 2018 to 2021. Thirteen
different HAdV hexon types were identified from clinical faecal specimens. This
included types F41 (63.8%, n=284/445), C2 (11.0%, n=49/445), C1 (10.1%, n=45/445),
A31 (4.0%, 18/445), C6 (3.6%, 16/445), B3 (3.1%, n=14/445), and F40 (1.1%, n=5/445).
Species D and E were only detected in three samples each, whilst types A18 and B7
were only detected in a single clinical specimen. The diversity of HAdV in monthly
wastewater samples collected from three treatment plants across Sydney and
Melbourne during 2018 was also investigated to explore HAdV diversity at a city-based
population level. In wastewater, reads belonging to all seven species (A-G) were
detected. Of these, the most prevalent was F41 (70.17%), followed by A31 (20.53%),
FA0 (4.07%) and A12 (3.54%). Other HAdV groups had much lower prevalence; species
C represented 0.94% of reads, followed by B (0.27%), D (0.24%), E (0.10%) and G
(0.02%). In the clinical samples, most species C detections (71.7%, n=81/113) occurred
in AGE patients under the age of two, emphasising its aetiology in paediatric
gastroenteritis. In conjunction with clinical sampling, wastewater sampling is a useful
tool providing population-based surveillance of circulating HAdV and which captures a

greater genetic diversity of HAdV within communities.
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6.2 Introduction

Acute gastroenteritis (AGE) is a major cause of morbidity and mortality,
particularly amongst young children in developing nations, where an estimated
500,000 AGE-related deaths occur each year (161). Human adenoviruses (HAdV),
specifically the classically enteric serotypes F40 and F41, are well recognised as
important causes of AGE worldwide. For example, the 2015 Global Burden of Disease
study estimated that HAdV leads to 70,200 AGE-related deaths worldwide each year
(180). Most of these deaths occur in young children, with data from the Etiology, Risk
Factors, and Interactions of Enteric Infections and Malnutrition and the Consequences
for Child Health and Development (MAL-ED) cohort study estimating that HAdV F40/41
has one of the highest attributable incidences of diarrhoea (19.0, 95% Cl 16.8-23.0)
during the first two years of a child’s life (348). Although HAdV infections in healthy
adults are typically self-limiting and require little medical intervention, outcomes can
be severe and life-threatening in infants, young children, and the immunosuppressed

(349).

HAdV are non-enveloped and icosahedral viruses belonging to the mammalian
adenovirus genus Mastadenovirus within the Adenoviridae family. These viruses
possess a double-stranded DNA genome of approximately 35 kb in length. There are

currently 113 proposed HAdV genotypes (http://hadvwg.gmu.edu/), which can be

classified into seven major groups or species (A-G) based on characteristics such as
cross-neutralisation, phylogenetic distance, genome organisation, nucleotide
composition and ability to recombine (367). HAdV were traditionally defined using
cross-neutralisation studies (serotyping) up to serotype 51. Within each serotype,
further genomic variation could then be distinguished based on differences in
restriction digest profiles (368, 369). However, these classical approaches were both
resource heavy and time intensive. Therefore, the classification of HAdV has now
evolved to use nucleotide sequence-based methods (370-372). Since the discovery of
HAdV type G52 (406), whole genome sequencing and phylogenetic analyses have
played a crucial role in the identification and classification of novel strains, and will

continue to be useful for identifying future types (376, 378-380).

146


http://hadvwg.gmu.edu/

HAdV can cause a wide spectrum of clinical diseases, but this is largely
dependent on host factors and the infecting serotype/genotype. The species grouping
can also provide a very general indication of disease and clinical symptoms. HAdV can
cause upper respiratory illness (species B, C, E), keratoconjunctivitis (species B, D, E),
gastroenteritis (species A, F, G) and urinary tract infections (species B), as well as rarer
manifestations such as meningitis, encephalitis, and myocarditis (4). Typically, the
disease manifestation determines the type of clinical specimen collected, and thus

downstream diagnostic methods.

In terms of diagnosis of gastroenteritis in children, to ensure that the
appropriate therapeutic and infection control measures may be initiated in a timely
manner, multiplex diagnostic methodologies are useful for differentiating and
identifying a wide range of enteric pathogens that may otherwise be clinically
indistinguishable (582, 583). However, when diagnosing adenovirus-associated
gastroenteritis, many commercial assays only test for the presence of types F40 and
FA1 (584-586). This can result in the under-detection of non-group F HAdV types which
are associated with gastroenteritis, making it difficult to determine a more accurate

number of disease incidences for the genus in general.

In recent years, there has been increasing speculation over the role of these non-
F HAdV genotypes in patients of gastroenteritis (382, 383, 587-590). A Korean study
conducted in 2014 to 2016 found that HAdV C2 (13.8%) and B3 (9.6%) represented the
second and third most prevalent types detected in AGE patients following F41 (60.6%)
(382). These results were echoed by findings reported in Thailand (2011 to 2017)
where F41 (22.4%), C2 (18.2%) and B3 (15.2%) were the most common types detected
in paediatric patients with AGE (383). Similarly, a high incidence of species C detection
was also reported in hospitalised paediatric AGE patients in Italy (587), whilst type B3
was strongly associated with diarrhoea among infants and children with AGE in China
(588). Additionally, several studies have also reported the decreased prevalence of F40
(relative to F41) (590-594), and together this indicates that updates to HAdV detection
methodology are required for the accurate depiction of global adenovirus AGE disease

burden.
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In Australia, adenovirus-associated gastroenteritis has been a neglected area of
molecular epidemiological surveillance. Prior to the work of our group in 2016 and
2017 (591), the most recent study of adenovirus-associated gastroenteritis was
conducted between 1981 to 1992 (595), more than twenty years earlier. In this
historical study, HAdV was found in only 3.1% of hospitalised paediatric AGE patients,
however, since the enzyme immunoassay (EIA) used was limited to F40 and F41 only,
any gastroenteritis caused by non-group F HAdV would have remained undetected
(595). In contrast, our group found 47.5% of HAdV gastroenteritis cases (n=19/40)
were associated with non-group F types in 2016/17 (591). Of these, species C was the
most prevalent group and represented 35.0% of cases (n=14/40). Interestingly,
wastewater analyses revealed that the most prevalent types in circulation were F41
(83.5% of reads), followed by F40 (11.0%) and A31 (3.7%) (591). The high prevalence of
F40 and A31 in sewage despite extremely low clinical presence — A31 was detected in a
single sample, whilst F40 was not detected at all. This demonstrates the importance of
incorporating an unbiased population-based approach to complement clinical
surveillance, which is inevitably biased towards the detection of disease phenotypes in
vulnerable patient populations. It is important to note however, that other clinical
syndromes of HAdV infection such as respiratory illness can also involve faecal
shedding, thus wastewater monitoring captures all circulating HAdV rather than just

AGE cases.

The need for molecular epidemiological surveillance was most recently
exemplified by the sudden emergence of an acute, severe hepatitis of unknown origin.
As of 26 May 2022, 650 probable cases have been reported in children across 33
countries across Europe, North and Central America and Asia (596-598). To date, the
aetiology of this outbreak remains unknown, but adenovirus was detected in at least
191 patients, and HAdV type F41 was identified in 33 patients (598). However, HAdV
F41 has not been reported in association with hepatitis in immunocompetent patients
previously (4). Interestingly, a recent increase in HAdV detections in faecal samples
among children aged 1-4 years in the UK was also observed (599). This observation

would not have been possible without historical data and highlights the importance of
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ongoing, molecular monitoring of pathogens within the community, particularly at a

population-based scale.

The present chapter aimed to identify the HAdV genotypes associated with AGE
in clinical samples and compare them to those found using wastewater surveillance.
The molecular epidemiology of gastroenteritis associated HAdV genotypes in NSW,
Australia was investigated using clinical faecal specimens collected over a four-year
period from 2018 to 2021. Population-based surveillance using monthly sewage
samples collected from three large wastewater treatment plants (WWTPs) in Sydney
and Melbourne during 2018 was also performed. Although, HAdV wastewater
surveillance inevitably captured more than just AGE cases, through comparison with
trends seen in clinical samples, a more complete picture of the molecular

epidemiology of adenovirus-associated gastroenteritis was obtained.

6.3 Materials and methods

6.3.1 Ethics and clinical specimen collection

This study was approved by the UNSW Human Research Ethics Advisory Panel
(HC16828 and HC17459). Deidentified faecal specimens (n=487) were obtained from
adenovirus patients with gastroenteritis symptoms in NSW, Australia between January
2018 and December 2021. Samples were collected by the Prince of Wales Hospital
(PoWH) and Douglass Hanley Moir (DHM) pathology as part of routine enteric
pathogen diagnostic services. We thank Peter Huntington, Richard Jones and their
respective teams for provision of samples. Presence of HAdV in PoOWH samples were
confirmed using the multiplex PCR-based EasyScreen Enteric Viral Detection Kit
(Genetic Signatures, Sydney, Australia), whereas in DHM samples confirmation was
performed using the enzyme immunoassay (EIA) based RIDASCREEN Easykit ELISA

Adenovirus assay (R-Biopharm, Darmstadt, Germany).

6.3.2 Collection of wastewater samples

Monthly 24-hour composite influent specimens were collected from three
wastewater treatment plants (WWTPs) in Australia between January and December
2018. The Bondi and Malabar WWTPs are situated in Sydney and serve catchment

populations of 318,810 and 1,857,740 respectively, whilst the Western WWTP in
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Melbourne serves an estimated population of 2.4 million. Samples were delivered to

UNSW on ice, aliquoted and stored at -80°C upon arrival.

6.3.3 Viral concentration and extraction

Stool samples were prepared as 20% suspensions (v/v) in water and followed
by viral DNA extraction using the QlAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany)
as previously described (591). Viruses in clarified sewage samples (10 mL) were
concentrated via ultracentrifugation at 216,000 x g at 4°C for 1.5 hours. Viral nucleic

acid was then extracted using the QIAmp Viral RNA mini kit as described in (303).

6.3.4 Genotyping of clinical specimens

HAdV detection was performed on the extracted nucleic acid using primers
(hex1deg/hex2deg) (372) which amplify a 301 bp region of the hexon gene (Table 6.1).
For samples without visible amplicons, an additional nested PCR was performed using
primers (nehex3deg/nehex4deg) which produce a smaller 173 bp product (Table 6.1).
All PCR products were visualised on agarose gel to confirm size, enzymatically purified,

then Sanger sequenced (methods as described in sections 3.1.1 to 3.1.3).

Table 6.1. Primers used to amplify HAdV sequences.

Primer Sequence (5’-3’)** Ref

hexldeg GCC SCA RTG GKC WTA CAT GCACATC (372)

hex2deg CAG CAC SCC ICG RAT GTC AAA (372)

nehex3deg GCC CGY GCM ACI GAI ACSTACTTC (372)

nehex4deg  CCY ACR GCC AGI GTR WAICGM RCY TTGTA (372)

anehex3deg tcg gca gcg tca gat gtg tat aag aga cag GCC CGY GCM ACI GAI ACS TAC (591)
TTC

anehex4deg gtc tcg tgg gct cgg aga tgt gta taa gag aca g CCY ACR GCC AGI GTR WAI (591)
CGM RCYTTGTA

3 Ambiguity code: S, strong interaction, (C/G); R, purine, (A/G); W, weak interaction, (A/T); Y,
pyrimidine, (C/T); M, amino, (A/C); K, keto, (G/T); |, inosine, unconventional purine base.
b owercase characters represent adapter sequences.

HAdV type was confirmed through phylogenetic analysis using reference
sequences downloaded from the NCBI database. For types 1-52, the sequence
accession numbers listed on the 10™ ICTV report for Adenoviridae were used (367). For
type 53 to 113, only unique hexon gene sequences recommended by the Human

Adenovirus Working Group (http://hadvwg.gmu.edu/) were used. This is because
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recombination events have resulted in the emergence of novel strains, many of which

possess the same hexon region as previously characterised HAdV types (375-377).

6.3.5 Next generation sequencing of sewage samples

Nested PCR was performed on the extracted nucleic acid to amplify a region of
the hexon gene and Illumina Miseq library preparation were performed as described in
(591). Briefly, first round PCR was performed using the hexldeg/hex2deg primers
(Table 6.1) followed by a second round PCR using the anehex3deg/anehex4deg
primers, modified with lllumina sequencing adapter overhangs (denoted with “a” for
adapter before the primer name) (Table 6.1). PCR products were then purified using
Agencourt AMPure XP beads (Beckman Coulter, CA, USA). The next-generation
sequencing (NGS) library was then prepared using Nextera XT indexes (lllumina, San
Diego, CA, USA) followed by further bead purification. The KAPA Library Quantification
Kit (Roche, Clifton, NJ, USA) was then used for gPCR-based library quantification prior
to sample normalisation and pooling. Samples were submitted to the Ramaciotti
Centre for Genomics (UNSW) where fragment sizes were evaluated on a Tape Station
D5000 (Agilent Technologies, Santa Clara, CA, USA) and the library was prepared with a
10% PhiX spike-in. Paired-end DNA sequencing was performed on the lllumina Miseq

platform using a v2 reagents (500 cycle chemistry) and terminated at 2 x 200 bp reads.

6.3.6 NGS data analysis

The software package Geneious Prime, version 2021.1.1 (Biomatters, Auckland,
New Zealand) was used to analyse the lllumina MiSeq data. The paired-end sequences
were merged using the BBMerge v38.84 plug-in on a low merge-rate setting and
primer sequences were removed. The built-in Geneious “Map to reference” tool was
used (parameters: medium-low sensitivity and five iterations of fine tuning) to map
reads to HAdV reference sequences. Mapped sequences were discarded if there were
less than 10 reads that mapped to a reference sequence in a given sample. The
proportion of each group was then calculated by dividing the total number of reads

per group by the total number of mapped reads for that sample.
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6.4 Results

6.4.1 Detection of HAdV infections in clinical faecal specimens

Specimens tested in this study were initially positive for HAdV by either
multiplex PCR or EIA. Over the course of the study, HAdV was successfully amplified
and sequenced in 91.4% (n=445/487) of faecal specimens collected. The median age of
HAdV AGE patients was 1.6 years. The majority (32.8%, n=146/445) of samples were
collected from children aged between one and two years, followed by children in the
newborns to one year old age group (24.9%, n=111/445) (Figure 6.1). Notably, species
C was detected in high prevalence in samples collected from children aged two and
younger and represented 31.5% of adenovirus-associated AGE in this age group

(n=81/257) (Figure 6.1).
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Figure 6.1. Diversity of HAdV detected in different age groups from 2018-2021.

The number of genotyped clinical faecal specimens is shown grouped by age category (in
years) and diagnostic methodology (EIA or PCR). The different HAdV hexon genotypes are
represented by different colours, as shown in the legend.

6.4.2 Comparison of HAdV types detected using different diagnostic

methods

The initial diagnoses of adenovirus-associated gastroenteritis were obtained
using two different commercial enteric pathogen diagnostic assays. Therefore, the
diversity of HAdV types detected using the two different assays was compared to

evaluate each method’s ability at detective a diverse range of types. Both diagnostic
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kits purport to be capable of detecting HAdV types beyond the classically enteric
F40/41, however, our results suggested otherwise. Of the samples collected from
PoWH (multiplex PCR-based diagnostic kit), 48.8% (n=141/289) were genotyped as
non-F40/41 (Figure 6.2). In comparison, only 9.6% of samples collected from DHM
(n=15/156) (EIA-based diagnostic kit) were genotyped as non-F40/41 (Figure 6.2). The
PCR-based diagnostic kit detected thirteen different genotypes, spanning six major
groups (A-F). In contrast, the enzyme immunoassay (EIA) based kit detected only nine

different serotypes, spanning four different HAdV species (A, B, C and F) (Figure 6.2).

(A) Genotype (B)

0.64% 0.69%
0% Type A, 18 0.35%
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Figure 6.2. HAdV types found in samples identified using different diagnostic assays.

Faecal specimens were obtained from patients who presented with adenovirus-associated
gastroenteritis that were diagnosed using either (A) enzyme immunoassay or (B) multiplex PCR
based diagnostic kits. The percentage distributions of HAdV genotypes identified from samples
from each diagnostic stream are shown. Genotypes are colour coded as per the figure legend.

6.4.3 Genetic diversity of HAdV in clinical specimens

Over the four-year study period, 13 different HAdV hexon genotypes were
identified across six of the seven species (A-F), with species G not detected (Figure
6.3). Overall, there was little change in the yearly prevalence of different HAdV
genotypes detected. The most prevalent genotype was F41 which represented 63.8%
(n=284/445) of HAdV infections (Figure 6.3). Species C was the second most prevalent
group and accounted for 25.4% (n=113/445) of cases over the four years (Figure 6.3).
Four different genotypes were identified within species C, these were C2 (11.0%,
n=49/445), C1 (10.1%, n=45/445), C5 (0.7%. n=3/445) and C6 (3.6%, n=16/445) (Figure
6.3). Other major groups A and B accounted for 4.9% (n=22/445) and 3.4% (n=15/445)
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of cases, respectively, whilst groups D and E were only identified in three cases each

Genotype

ClType A 12 EdTypeC, 5

Bl Type A, 18 [ TypeC, 6

B Type A, 31 3 Type D

Total P P
‘ =445 E= Type B,3 [ TypeE, 4
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Figure 6.3. Diversity of HAdV hexon types identified in clinical samples, 2018-2021.

(Figure 6.3).

2018

n=79 ‘

A total of 445 patients with adenovirus-associated gastroenteritis were investigated between
January 2018 and December 2021. Phylogenetic analysis of a partial hexon gene region was
used to determine the genotype which are represented by different colours as indicated in the
legend.

6.4.4 Seasonality of HAdV-associated gastroenteritis

Other viruses such as norovirus (579), rotavirus (without vaccination) (600) and
influenza (601) display seasonal trends, with a peak in activity typically occurring
during winter/early spring in temperate regions. Therefore, the present study
investigated whether any seasonal trends could be observed for HAdV-associated
gastroenteritis (Figure 6.4.). Clinical sampling in 2020/21 has experienced disruptions
due to COVID-19 lockdown restrictions, therefore, only seasonal activity over 2018 and
2019 was examined. Over the two-year period, no distinct seasonality was observed,
with similar levels of activity detected across Winter (n=68), followed by Spring (n=66),

Summer (n=61) and Autumn (n=59) (Figure 6.4.).
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The genotypic distribution for the most prevalent HAdV were also compared.
The most prevalent genotype, F41, represented 78.0% of cases in Autumn (n=46/59),
followed by Summer (64.0%, n=39/61), Winter (63.2%, n=43/68) and Spring (62.1%,
n=41/66) (Figure 6.4.). For species C, the second most prevalent group, detection
prevalence in Winter (27.9%, n=19/68) and Spring (25.8%, n=17/66) were
approximately 1.8-fold higher than in Summer (14.8%, n=9/61) and Autumn (15.3%,
n=9/59) (Figure 6.4.).
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Figure 6.4. Seasonal distribution of HAdV genotypes identified in NSW, Australia
between 2018-2021.

A total of 445 patients with adenovirus-associated gastroenteritis were investigated between
January 2018 and December 2021. Phylogenetic analysis of a partial hexon gene region was
used to determine the genotype which are represented by different colours as indicated in the
legend. The total number of cases in each seasonal quarter is indicated by numbers above the
graph. Each seasonal year was designated to commence in December in line with the
beginning of summer for the Southern Hemisphere. Periods with lockdown and its intensity
are indicated by grey shading below the graph.

6.4.5 Genetic diversity of HAdV in wastewater in 2018

This study aimed to gain a more comprehensive understanding of HAdV at a
population scale using NGS of amplicons generated from DNA extracted from
wastewater samples. A partial hexon gene region (173 bp) was amplified from monthly
wastewater samples collected from three sites (Bondi, Malabar, and Melbourne) in

2018 and sequenced on the Illumina Miseq platform. A total of 2,868,917 filtered and
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successfully mapped reads were generated from 36 wastewater samples, with an

average of 79,692 reads for each sample (range 3,095 — 302,674).

All seven species of HAdV (A-G) were detected over the course of the year. Of
these, species F was the most prevalent and accounted for 74.24% of total reads
(Figure 6.5). Specifically, F41 represented 70.17% of total reads whilst F40 represented
4.07% (Figure 6.5). F41 accounted for an average of 73.79% of monthly reads in Bondi
(ranging from 23.25% to 99.49% per month), 65.06% in Malabar (ranging from 32.49%
t0 96.02%), and 76.60% in Melbourne (ranging from 39.62% to 99.77%) (Figure 6.5A, B,
C). The second most prevalent group was species A (24.19% of reads). Two genotypes
from species A were detected, A31 and A12, which represented 20.53% and 3.54% of
reads, respectively. The levels of the other major groups were much lower, species C
represented 0.94% of reads, followed by B (0.27%), D (0.24%), E (0.10%) and lastly

species G which accounted for only 0.02% of total reads (Figure 6.5D).
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Figure 6.5. HAdV hexon type distribution in wastewater, 2018.

The monthly distribution of HAdV in wastewater collected in 2018 was determined using
partial hexon amplicons for the (A) Bondi, (B) Malabar and (C) Melbourne WWTPs. Amplicons
were sequenced on the Miseq platform and Geneious Prime was used for the merging and
mapping of reads to reference sequences. (D) The total distribution of reads is across the year.
The total number of reads is shown below the pie chart, as well as the relative prevalence of
each group. For clarity, reads from different genotypes within non-F groups were grouped by
species in the graph.
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6.4.6 Comparison of genetic diversity in clinical and wastewater samples
Genotypic diversity and prevalence of HAdV found in clinical and wastewater
samples were then compared to investigate correlation. F41 was the most prevalent
genotype detected in both clinical (63.8%, n=284/445) and wastewater samples
(70.17% of total reads) (Figure 6.3, Figure 6.5). A disparity, however, was observed for
the second most prevalent group identified. Species C was the second most prevalent
group detected in patients of adenovirus-associated gastroenteritis (25.4%,
n=113/445), whilst species A was the second most dominant group in sewage (24.19%
of reads) (Figure 6.3, Figure 6.5). In wastewater, F40 was the third most prevalent
genotype, and accounted for 4.07% of total reads. In contrast, F40 was found in only
five cases (1.1%, n=5/445) over the four-year study period (Figure 6.3). In clinical
specimens, species C was detected more frequently during Winter and Spring (Figure
6.4), however no such trend was observed in sewage (Figure 6.4, Figure 6.5).

Additionally, species G was detected in wastewater only (Figure 6.5).

6.5 Discussion

Enteric HAdV types F40 and F41 are significant contributors to the global
diarrhoeal disease burden, particularly among young children in developing nations
(161, 602). As a result, epidemiological studies of AGE have frequently focused on
F40/41 to the exclusion of all other HAdV types (602-605). This has inevitably resulted
in the under-detection of non-group F HAdV and thus contributed to the current poor
understanding of the role of these viruses in diarrhoeal disease. This study explored
the role of enteric and non-enteric HAdV types in AGE in NSW, Australia using clinical
faecal specimens collected over a four-year period (2018-2021). Monthly wastewater
samples collected from three WWTPs during 2018 were also analysed to provide

population-based representation of circulating HAdV within the community.

Historically, HAdV types F40 and F41 were both frequently isolated from
paediatric AGE patients (606, 607). However, since the early 1980s, the decline of F40
alongside the concomitant dominance of F41 has been observed, firstly in Australia
(595) and the Netherlands (608), followed by Canada (609) and the UK (610, 611) and
finally in Japan (612). This change in F40 and F41 ratio was likely due to a shift in F41
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variant frequency, and several studies have noted antigenic changes in circulating F41
strains occurring around a similar time (608, 609, 611). In the twenty years since, HAdV
type F41 has maintained its dominance over F40 (590, 592-594), and recently, our
group has reported an absence of F40 in clinical AGE specimens collected in NSW,
Australia during 2016 and 2017 (591). Congruent with prior studies, the present work
also found HAdV type F41 to be the most common cause of HAdV associated AGE
(63.8%, n=284/445), whilst FA0 was detected in only 1.1% of adenovirus-associated
gastroenteritis cases (n=5/445) (Figure 6.3). F41 was also the leading HAdV type
detected in wastewater samples (70.17% of total reads) (Figure 6.5). This was
consistent with our previous work, where F41 represented 83.5% of all wastewater
amplicon NGS reads (591). Similar observations of F41 prevalence in sewage have also
been reported in Italy (613) and Luxembourg during 2013 (428), in Spain during 2013
and 2016 (614, 615) and in French Polynesia (616). Despite its low levels in clinical AGE
cases, F40 was the third most prevalent HAdV type found in wastewater specimens in
2018 (4.07% of total reads) (Figure 6.5D). This was not unexpected, considering our
previous study found F40 to represent 11.0% of all reads in 2016-17 (591).

The second most prevalent type detected in wastewater was A31 which
accounted 20.53% of reads (up from 3.7% in 2016-17 (591)) (Figure 6.5D). This
contrasted with its low detection rates in AGE where it represented 4.0% of clinical
cases (n=18/445) across the four-year period and just 2.5% of cases in 2018 (n=2/79)
(Figure 6.3). However, the high abundance of A31 in sewage although unexpected, was
conceivable considering A31 has been identified as an important cause of
gastroenteritis in children (408, 617-619). Nonetheless, it is important to note that
HAdV genotypes causing other clinical infections are also shed in stool or other bodily
fluids into sewage. A similar trend was observed for HAdV type A12, which was not
detected from clinical samples during 2018 yet represented 3.54% of total sewage
reads (Figure 6.3, Figure 6.5D). As with A31, HAdV type A12 has also been reported in
association with paediatric gastroenteritis (407, 620). Both A31 and A12 have similarly
been found in high prevalence in wastewater collected in Luxembourg in 2013 (428),
Spain in 2016 (615) and in French Polynesia (616). This suggests that A31 and A12

could cause milder or asymptomatic infection, leading to its underrepresentation in
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clinical samples. However, a case-control study comparing the frequencies of different
HAdV types and their attribution to paediatric AGE found that non-group F HAdV
strains have a low attribution to AGE with detection in asymptomatic children (619)
and so wastewater surveillance was likely capturing a high proportion of group A HAdV

shedding that was caused by other clinical syndromes.

The second most prevalent group detected clinically, was species C, which
represented 25.4% (n=113/445) of AGE cases typed (Figure 6.3). Furthermore, most of
these cases occurred in children aged two and younger (71.7%, n=81/113) (Figure 6.1).
Species C is typically associated with respiratory illness (4); however, an increasing
number of studies have reported an association between this group and paediatric
gastroenteritis (382, 383, 587, 621). Recently, a case-control study showed that species
C HAdV (specifically C1, C2, C5 and C6) had 51.7% attribution to AGE (95% ClI, 11.5-
73.4%) due to detection among the control cohort (619). Nevertheless, even
accounting for the low attribution to AGE, species C represented very large proportion
AGE cases typed. In contrast, group C HAdV accounted for less than 1% of reads in
sewage in 2018 (Figure 6.5D). There are several possible explanations for this. Firstly,
most of these patients were within a diaper wearing age group (0-2 years) (71.7%,
n=81/113) (Figure 6.1), and these children are less likely to contribute to sewage.
Secondly, the faecal viral load for non-group F HAdV is typically lower, so there would
less shedding into wastewater overall (619). Additionally, species C can establish
persistent infections in the gastrointestinal tract, which can result in prolonged
shedding in faeces (425, 622, 623). Therefore, the possibility also exists that a small
number of detections may have occurred due to prolonged low-level shedding after

recovery from a previous infection.

Other non-group F HAdV detected clinically include species B (3.4%, n=15/445),
D (n=3/445) and E (n=3/445) (Figure 6.3), which are commonly associated with upper
respiratory illness or keratoconjunctivitis (4). As with species C HAdV, several studies
have also detected these viruses in AGE patients (382, 383, 589, 590), with one case-
control study finding a positive correlation between type B3 and diarrhoea (588).
Consistent with observations in clinical specimens, these viruses were detected in very

low levels in wastewater (<0.3% of total reads each) (Figure 6.5D).
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Interestingly, there was a stark contrast between the genetic diversity detected
by the two diagnostic kits (PCR-based EasyScreen versus EIA-based RIDASCREEN). Since
our adenovirus-associated gastroenteritis samples were initially identified using
different commercial diagnostic kits, we compared the genetic diversity represented in
each set of samples. It is important that commercial diagnostic panels used for
pathogen detection can accurately detect a diverse range of HAdV types since ongoing
surveillance is crucial for detecting molecular epidemiological changes should novel,
severe strains emerge, as exemplified by the current outbreak of acute, severe
hepatitis (596). The present study found that PCR-based detection identified a higher
number of non-group F cases (PCR: 48.8% vs EIA: 9.6%) (Figure 6.2). The most likely
explanation for this is that the antibodies used in the RIDASCREEN kit were less
sensitive for detecting non-group F viruses, resulting in an under-detection of these
HAdV in stool samples and hence their lack on inclusion in this study. Indeed, it is
widely recognised that PCR-based methods are more sensitive compared to EIA (624-

627).

In light of the current outbreak of acute, severe hepatitis (596-598), it is
important to also consider the more severe clinical manifestations that may be caused
by HAdV types found in this study. In addition to respiratory tract infections and
gastroenteritis, HAdV types C1, C2, C5, B3 and B7 have been reported to cause severe
hepatitis and liver failure in immunocompromised patients (420, 628-630). Species B
and C HAdV have also been associated with disseminated disease which can lead to in
hepatitis (631-635). Disseminated disease typically occurs in immunodeficient patients,
however, it has also been reported in patients who were considered
immunocompetent (631). Although there have been a few documented cases of
HAdV-associated severe hepatitis in immunocompetent patients, these case reports
failed to determine the infecting HAdV type (636-638). So far, HAdV identification in
patients with acute, severe hepatitis has been performed using a variety of partial
hexon typing approaches and no standardised protocol has been recommended (639).
HAdV are known to evolve through recombination, and species A-D all contain new
members that have emerged through recombination (375-377, 618). Indeed, a recent

study comparing the genomes of HAdV strains associated with severe and mild
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infections found that the incidence of recombination events was higher in severe cases
(640). Therefore, it is possible that a novel recombinant HAdV has emerged to cause
this hepatitis outbreak. This new virus could consist of an F41 hexon and different
penton and fibre proteins leading to its hepatotropism (389-391, 641). Whole genome
sequencing of the virus is currently underway (639), and this information will hopefully
provide further insights into the virus. These sequencing efforts are also vital for
designing strain-specific primers for a sewage-based assay. Wastewater monitoring as
described here, can provide an early warning tool to detect this strain even before
cases arise in the community, as was demonstrated recently for SARS-CoV-2 (642,

643).

This study is not without limitations. All clinical samples used in the study were
fully deidentified. Therefore, we were unaware of any patient comorbidities or their
immune functionality. Clinical history was also unavailable, so the study cannot exclude
the possibility of patients also displaying respiratory symptoms in addition to
gastroenteritis or detecting prolonged shedding following a past infection. For future
studies, it would be useful if full clinical history, including symptom severity and patient
characteristics were also obtained so that further epidemiological links may be drawn.
Additionally for wastewater, since HAdV genotypes causing other clinical infections are
also shed in stool, the prevalence of a genotype in wastewater would reflect more than

just AGE cases within the community.

6.6 Concluding remarks

This chapter explored the molecular epidemiology of adenovirus-associated
gastroenteritis in NSW, Australia over a period of four years. Aided by wastewater
analyses, the prevalence of circulating HAdV types within the community was also
investigated in 2018. Although species A HAdV represented only a small proportion of
genotyped cases (<5%), it represented nearly a quarter of reads within wastewater.
This suggests that it is less virulent compared to other groups, leading to an
underestimation of its prevalence if only clinical samples are used. We also observed a
high prevalence of species C HAdV in young children with gastroenteritis (<2 years of
age). Even accounting for a 51.7% attribution to AGE (619), it is nonetheless an

important aetiological agent of paediatric gastroenteritis and should be monitored.
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The integration of both clinical and wastewater specimens is a useful combination to

provide a better understanding of circulating HAdV within the population.

162



7 General Discussion

Viral pathogens pose a significant global health and economic burden. To minimise
the loss of human life, we rely on pharmaceutical interventions such as vaccines and
antivirals. However, the reality is that effective antivirals and vaccines simply do not
exist for most human viral pathogens, including those explored in this thesis — namely
norovirus, human adenovirus (HAdV), Zika virus, hepatitis A virus (HAV; lacks antivirals)
and hepatitis C virus (HCV; lacks a vaccine). Collectively, these viruses account for an
estimated death toll exceeding 287,000 each year and billions of dollars’ worth of
healthcare costs and productivity losses (179, 180, 644). Furthermore, even when an
effective vaccine or antiviral therapy exists, the protection provided can be limited. For
example, even though a highly effective yellow fever virus vaccine is available, vaccine
coverage is weak in poorly resourced regions where yellow fever is prevalent (645,
646). Thus, when outbreaks do occur in these regions, the lack of effective antiviral
treatments has contributed to the loss of human life, and this was exemplified by the
2016 Angola and Democratic Republic of Congo vyellow fever outbreak (517).
Conversely, even when highly effective therapies are available, full eradication of
infection may not be possible, such as in the case of human immunodeficiency virus

(HIV) (18, 19).

This work aimed to address the threat of viral pathogens using a two-pronged
approach that began with the development of broad-spectrum non-nucleoside
inhibitors (NNIs) against RNA viruses (chapter four). Later, the holistic surveillance of
circulating noroviruses (chapter five) and HAdV (chapter six) in Australia was
conducted using both clinical and wastewater specimens. The significance of key
findings from broad-spectrum NNI development and future directions are discussed in
section 7.1 below. The significance of key findings from the molecular epidemiological
surveillance of norovirus and adenovirus are discussed in sections 7.2 and 7.3,

respectively. Section 7.4 presents the overall conclusion of this work.
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7.1 Broad-spectrum non-nucleoside inhibitors can be designed;

in sificomethods can aid their discovery.

In chapter four, a unique combination of strategies (compound repositioning,
complex-based pharmacophores, virtual screening and “structure-activity relationship
(SAR) by catalogue”) was employed to navigate insufficient prior knowledge (lack of
existing compounds and high-quality protein structures) and develop NNI compounds.
This work resulted in the initial identification of four active compounds — NCS-014,
NCS-032, NCS-034 and NCS-013. Of these, the first three displayed narrow-spectrum
inhibition against one target each. The fourth compound, NCS-013, displayed broad-
spectrum inhibition of RNA-dependent RNA polymerase (RdRp)/replicon replication for
five different viruses (human norovirus, feline calicivirus, Zika virus, HCV, and HAV).
These five viruses span three positive-strand RNA virus families (Caliciviridae,
Flaviviridae, and Picornaviridae), and except for HCV, none of these viruses have
approved antiviral therapies (11). Thus, the broad-spectrum and cross-family activity of
NCS-013 identified in this work, suggests that this compound could also have antiviral

effects against other viruses from these three families.

As NCS-013 has broad-spectrum potential, it was used as a scaffold for similarity
searching of available compounds (termed “SAR by catalogue”). This led to the
identification of a fifth compound, NCS-013A, which similarly exhibited cross-family
inhibition of the Zika virus RdRp and the HCV and HAV replicons. The successful use of
NCS-013 as a scaffold suggests it could provide a viable starting point for future drug

discovery efforts.

The concept for broad-spectrum antivirals is not new, however, the
development of such compounds is challenging due to the highly diverse nature of
viruses in terms of structure, machinery and in their replication strategies (647).
Therefore, recent efforts have focused on targeting host proteins required for viral
replication or modulating host immune responses to viral infection (section 1.3.1). The
alternative is to target viral proteins essential for replication as these are more likely to
be conserved. Several broad-spectrum virus-targeting molecules have been described;

however, the broad-spectrum action of these compounds was identified due to
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serendipitous “off-target” effects rather than by design (elaborated in sections 1.3.3
and 1.4). To the best of our knowledge, this study represents the first attempt to
develop NNI compounds with cross-family activity and the successful identification of

NCS-013A suggests that broad-spectrum NNIs can be rationally designed.

Drug discovery has traditionally been an extremely resource-intensive process,
and this creates barriers to entry for entities outside of big pharmaceutical companies.
However, advancements in hardware computing power and software intelligence, and
an increasing number of publicly available protein sequences, structures and other
biological datasets have made it possible to use computational techniques to aid drug
discovery. In this work, a variety of low-cost methods were used to develop broad-
spectrum NNI compounds, demonstrating that the initial stages of drug discovery do
not have to be expensive and inaccessible. Firstly, drug repositioning was used in
combination with complex-based pharmacophores and virtual screening of the SPECs
compound database as a low-budget alternative (software licenses and server costs
only, with some software available free-of-charge) to high-throughput screening (HTS).
For comparison, equivalent HTS of the SPECs compound database could cost
US$200,000 (based on USS1 per compound estimates and excluding setup costs) (648);
these economies of scale are only achievable for large entities. Secondly, the
eMolecules chemical search engine was used as an alternative to contracting a
medicinal chemist. The identification of NCS-013A in this work using an “SAR by
catalogue” approach highlights its feasibility as a low-budget alternative for early hit

expansion and SAR analyses.

Finally, from the 44 compounds that were assessed using in vitro assays, this
work achieved a hit rate of 4.5% (n=2/44) for potentially broad-spectrum compounds.
In comparison, it is not uncommon for HTS to achieve hit rates less than 1% (649), and
a previous HTS screen for norovirus NNIs performed by our group yielded a primary hit
rate of only 0.18% (500). This work showed that computer-aided methods can greatly

increase the hit rate for a fraction of the cost, streamlining the drug discovery process.
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7.1.1 Future directions

The two NNI compounds (NCS-013 and NCS-013A) can be validated for their
broad-spectrum activity as follows. Firstly, the target-specific antiviral activity of these
structures can be verified by using freshly synthesised, pure material in orthogonal
assays (650, 651), such as a gel-shift assay (147). Additional hit expansion and SAR
analysis can also be performed using the “SAR by catalogue” approach and these
compounds examined in vitro against a variety of RdRp targets to search for more
potent structures. This will be also useful for both computational binding site
prediction and for guiding compound SAR optimisation. Docking studies and molecular
dynamics simulations can then be performed using these compounds to investigate
the ligand-protein interactions. Crystal structures are already available for many
flavivirus [such as HCV (144), Zika virus (652), Dengue virus (653), bovine viral diarrhoea
virus (654) and yellow fever virus (655)] and picornavirus virus RdRp [foot-and-mouth
disease virus (656), enterovirus A71 (657), human rhinovirus (658) and poliovirus
(659)], and promising compounds should be modelled in these structures. For viruses
without any available structures (such as HAV), tools such as AlphaFold 2 (a machine
learning based structure prediction tool) (660) could be used to generate protein
models from available sequence data. Additionally, direct target verification via cell
culture (where available) should also be performed, alongside sequencing of drug-
resistant mutants to better assess the longer-term utility (barrier to resistance) of
potential compounds. Once a sufficiently potent structure (100 nM — 5 uM range)
(533) with verified activity has been obtained, ADMET (absorption, distribution,
metabolism, excretion and toxicity) evaluations can be performed followed by
thorough SAR exploration to optimise drug properties. The compound can then be
progressed to clinical trials and eventually enter the market as a broad-spectrum

antiviral therapeutic.

7.2 Molecular epidemiological surveillance of norovirus in
Australia, 2018 to 2020

7.2.1 Old norovirus strains have remained in circulation in Australia

In order to design a successful norovirus vaccine, it is critical to understand the

molecular epidemiology of circulating norovirus genotypes. Careful consideration must
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be undertaken to ensure that the strains incorporated in the vaccine can induce broad
protective immunity against a wide range of clinically relevant noroviruses. These
vaccines would also require regular updates to account for viral evolution and thus
evasion of herd immunity. Therefore, it is crucial to undertake continued molecular
epidemiological surveillance of circulating norovirus strains around the world, as this

work will inform vaccine development efforts.

In chapter five, circulating noroviruses in Australia before and during the
COVID-19 pandemic (2018-20) were investigated in clinical faecal specimens (from
norovirus acute gastroenteritis (AGE) patients in NSW) and monthly wastewater
samples (from Malabar and Bondi treatment plants in Sydney and the Western
treatment plant in Melbourne). This work found that the GlI.4 Sydney 2012 capsid was
the dominant capsid detected in clinical samples and three viruses that possessed a
Gll.4 Sydney 2012 capsid (with a GII.P16, GII.P4 New Orleans, or GII.P31 non-structural
region) collectively represented 34.2% (n=207/604) of clinical samples. Although this
Gll.4 Sydney 2012 capsid has remained the dominant capsid detected, its prevalence
was substantially lower than the 60-80% reported previously for Gll.4 noroviruses
(230-232). One reason for this observation is that the capsid has now been in
circulation for more than nine years, which would have resulted in high population
herd immunity. Antigenic changes within the viral capsid are important for facilitating
evasion of herd immunity and thus the emergence of novel Gll.4 pandemic variants
every 3-5 years (216, 661) (elaborated in section 2.2.7). Therefore, it is unusual that

the Gll.4 Sydney 2012 capsid has remained prevalent for so long.

Of the three non-structural regions that the Sydney 2012 capsid has been
associated with, GII.P4 New Orleans (4.1%, n=25/604) was the non-structural region
from the preceding pandemic variant which circulated between 2009 and 2012 (232,
294, 300) whilst GII.P31 (7.1%, n=43/604) is the original non-structural region of the
Sydney 2012 pandemic variant (Figure 5.6). Due to the lack of antigenic novelty in
these viruses, it is unsurprising that neither of these strains circulated with high
prevalence during the study period. The GII.P16 polymerase, similarly, has also been in
circulation for several years now. It emerged epidemically in 2016 as the recombinant

Gll.2 [P16] virus (303) and it is believed that this virus donated its non-structural region
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to create the GlI.4 Sydney 2012 [P16] virus (287). This GlI.4 Sydney 2012 [P16] virus
then became the dominant norovirus in Australia (56.8%) and New Zealand (42.9%)
during 2017 (229), despite accumulating few changes within the VP1 blockade
epitopes (A-G) (214, 216). In our previous study, comparison of Gll.4 Sydney 2012
capsid sequences from GII.P16 and GII.P31 viruses revealed only one novel antigenic
change, this occurred in residue 373 of epitope A (R=>H) (229). All other changes
detected were reversions to residues found in previous pandemic variants (Appendix

Figure 8.2).

Antigenic reversion is commonly observed in RNA viruses (662-667), however
its mechanisms and benefits are not well understood. Some studies have shown that
reversion occurs when an immune escape mutation decreases viral fitness, and thus
when naive hosts are infected there is a rapid reversion to previous high-fitness
variants (662, 668). In other instances, such as in Gll.3 noroviruses, the propensity for
antigenic reversion in VP1 gene and thus lack of novelty is believed to be one of the
reasons why this genotype is associated with paediatric infections, as this population is
more likely to be immunologically naive (310, 568). Therefore, antigenic drift alone
cannot explain the success of the Gll.4 Sydney 2012 [P16] virus which has circulated
since 2016.

Instead, the non-structural region must also play a fundamental role in viral
fitness enabling its persistent circulation in the population either through direct
evasion of herd immunity or by altering replication rates and infectivity. For example,
the VP1 amino acid sequence of the re-emerged Gll.2 [P16] strain was almost identical
(£2 amino acid changes) to some previously detected Gll.2 [P2] and pre-2016 GII.2
[P16] strains (287). Comparison of polymerases from the post-2002 Gll.4 pandemic
lineage to pre-2002 polymerases revealed that a single point mutation on residue 291
altered kinetic activity (669). Furthermore, acquisition of a polymerase with reduced
replication fidelity and/or increased kinetic activity can improve transmissibility (670).
This has been observed in both pandemic Gll.4 strains (669) and is speculated to have

contributed to the epidemic emergence of GII.17 [P17] (671) and GII.2 [P16] (287).

Another old strain that has remained in circulation was GIl.2 [P16] which

emerged in Australia and New Zealand in mid-2016 and was responsible for 18.2% of
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all sporadic and outbreak cases (303). The same study found that Gll.2 noroviruses
were dominant in wastewater from August to December 2016 (303). Gll.2 noroviruses
declined in prevalence in both clinical and wastewater samples in 2017 as they were
replaced by the Gll.4 Sydney 2012 [P16] virus (229). The decreased circulation of this
recombinant strain throughout 2018 and 2019 until its re-emergence in August 2020
were described in this thesis (Figure 5.6, Figure 5.11). Mechanisms of its re-emergence
warrant further investigation, particularly into any changes in the VP1 or polymerase
amino acid sequence. Since the viral polymerase is a popular target for direct-acting
antivirals, examining norovirus polymerase evolution will also be useful for drug

development efforts.

Recently, between 2018 to 2020, norovirus molecular epidemiology in Asia may
have begun changing again, with a potential re-emergence of the Sydney 2012
pandemic variant (GIl.4 Sydney 2012 [P31]) in paediatric AGE patients (566, 567, 581,
672). Although this virus has been in circulation in China and Hong Kong since late
2012 (311, 673), its prevalence had decreased in the wake of the epidemic emergence
of GII.17 [P17] and GII.2 [P16] during the winters of 2014/15 and 2016/17, respectively
(245, 549, 564, 581, 674). VP1 sequence analysis of Chinese outbreak strains identified
three novel antigenic changes in epitopes A (residue 368), E (residue 414) and G
(residue 355) (compared to pandemic Gll.4 prototype sequences shown in Appendix
Figure 8.2) (672). Further investigation into the VP1 amino acid sequences of strains
that possess a Gll.4 Sydney 2012 capsid will be useful for understanding why these

viruses have circulated within the community for such an extended period.

Work in this thesis showed that several old strains (Gll.4 Sydney 2012 [P16],
Gll.2 [P16], Gll.4 Sydney 2012 [P4 New Orleans] and Gll.4 Sydney 2012 [P31]) have
remained in circulation in the community longer than the expected timeframe. This is
unusual and could pose important implications for vaccine development strategies if
future norovirus evolution and molecular epidemiology no longer follow the same

historical trends.
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7.2.2 Aninterplay in herd immunity may have directed the increases in

AGE outbreak activity observed in childcare centres

When novel strains of norovirus emerge, this is typically followed by a sudden
increase in AGE outbreak activity. Therefore, in chapter five, the number of monthly
institutional outbreaks was tracked (Figure 5.3) and any periods of elevated activity
were investigated. Two periods of epidemic activity were identified, and these
occurred between August and December 2019 (GII.3 [P12]) and in November and
December 2020 (Gll.2 [P16]) (Figure 5.5). These outbreaks were not caused by the
emergence of any new strains but rather existing noroviruses that had remained in

circulation.

Gll.3 noroviruses are important causes of sporadic AGE, particularly among
children (307-309). The GII.3 [P12] virus emerged in NSW in 2016, replacing GllI.3 [P21]
as a prevalent cause of childhood gastroenteritis (229, 293, 303). However, despite
acquiring a new non-structural region, prior to the current work, GII.3 [P12] has not
been associated with large-scale outbreaks or epidemics (229, 303, 675, 676). One
explanation for this could be the consecutive emergence of the Gll.2 [P16] and Gll.4
Sydney 2012 [P16] recombinants in NSW that occurred shortly afterwards (229, 303).
Compared to Gll.3 [P12], these strains possessed greater novelty, a better polymerase,
and in the case of Gll.4 Sydney 2012 [P16], also bound to a broader range of histo-
blood group antigens (HBGA) types and thus would have a larger pool of susceptible
hosts (215, 677). These two viruses probably outcompeted GlI.3 [P12], suppressing its
circulation before population immunity was reached. Similar trends have been
reported in Jiangsu, China where decreases in Gll.3 [P12] detection rate in children
correlated with the epidemic emergence of Gll.17 [P17] and GII.2 [P16] in 2014 and
2016, respectively (675). Therefore, the epidemic emergence of Gll.3 [P12] in children
during late 2019 (Figure 5.3, Figure 5.5) could be due to the interplay between rising
population immunity to Gll.2 [P16] and Gll.4 Sydney 2012 coupled with immunological
naivety to Gll.3 [P12]. Then, as herd immunity was reached, it the prevalence of GlI.3

I”

[P12] returned to “norma

A similar interplay may have contributed to the epidemic re-emergence of Gll.2

[P16] during November and December 2020 (Figure 5.3, Figure 5.5). Despite causing
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epidemics in Asia (546-550), in NSW, the virus was quickly outcompeted by the more
virulent GII.4 Sydney 2012 [P16] and has been declining in prevalence since 2017 (229),
and almost disappeared from clinical circulation in 2019. Then, throughout the
majority of 2020, it was further suppressed by COVID-19 lockdown measures which
included the closing of schools and childcare centres (Figure 5.3). Like GII.3, GIl.2 is
considered a “static” capsid genotype as it has changed very little over the past few
decades and was similarly associated with paediatric gastroenteritis (287, 678).
Interestingly, “static” genotypes such as Gll.2, Gll.3, and GIl.6 were found to cause
outbreaks of AGE in childcare centres and schools, with the dominant genotype
shifting every season (570). This is suggestive of population immunity influencing
endemic norovirus circulation. Therefore, | hypothesise that the appearance of several
novel viruses in 2016 (303) and the subsequent competition may have disrupted the
normal circulation dynamics of these strains within the community, leading to their
pronounced resurgence once these competitive pressures eased. Future studies could
examine this hypothesis by investigating the dominant genotypes in young children

from historical stool collections.

The work in chapter five also found that despite subdued levels of institutional
AGE outbreak activity for most of 2020 as a direct result of COVID-19 lockdowns, due
to the large spike in outbreaks recorded in childcare facilities during November and
December 2020, the yearly total (n=843) remained comparable to previous years
(Appendix Figure 8.1). This shows that when population immunity is not maintained
via either natural infection or vaccination, the declines are unsustainable and a rapid
increase in cases is inevitable to correct for these deviations. Similar trends were seen
in paediatric enterovirus D68 infections in Europe, which were very low during
lockdown, however, once restrictions were relaxed, historically high levels were
detected (679). Likewise, increases in respiratory syncytial virus (RSV) activity following
relaxation of non-pharmaceutical public health measures have also been reported
around the world (680, 681), with similar warnings issued for influenza (682, 683).
These rapid corrections could pose consequences for patient outcomes and quality-of-
care if health systems become overloaded. However, ongoing infectious disease

surveillance, such as the work in this thesis, can help mitigate some of these burdens
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by supplying historical data that can support the prediction of such trends, facilitating

greater government and health system preparedness.

7.2.3 Future directions

Future studies should sequence the full-length VP1 gene from strains that
possess a Gll.4 Sydney 2012 capsid detected in the present work, to examine whether
these novel antigenic changes can also be found in Australia. If they are present, this
may provide some explanation into the prolonged circulation of these viruses within
the community. The full-length polymerase gene from prevalent strains should also be
sequenced to explore amino acid changes, such as those around residue 291 that may
affect kinetic activity or replication fidelity (287, 669, 670). Additionally, the effects of
these mutations may be explored using recombinant polymerases in replication
kinetics or fidelity assays as performed by Bull et al. (669). If these mutations decrease
polymerase fidelity or increase replication kinetics, this could increase viral fitness and

explain why certain strains have remained in circulation for so long.

7.3 Adiverse range of HAdV cause gastroenteritis.

HAdVs are one of the leading aetiological agents of childhood infections causing
6-20% of respiratory infections (341-345) and 11-50% of AGE-related hospitalisations
(346, 347). Globally, enteric HAdV causes an estimated 70,200 diarrhoeal disease-
related deaths each year (180), other types can result in large outbreaks of acute
respiratory illness in military recruits (E4, B7, B14) (449-451), or epidemic
keratoconjunctivitis (D8, D19, D37) (4). Despite this, there are currently no publicly
available vaccines or antivirals approved for the prevention or treatment of HAdV
infections. In order to design effective vaccines, it is essential to understand the
molecular epidemiology of HAdV to ensure that the strains incorporated in the vaccine
will protect against a broad range of clinically relevant strains. Although group F HAdV
are recognised as one of the leading causes of AGE, the importance of non-group F

HAdV is still unclear.

In chapter six, the molecular epidemiology of adenovirus-associated
gastroenteritis in NSW (2018-2021) was investigated. This work found that non-group
F HAdV caused 35.1% of all adenovirus-associated AGE cases (n=156/445) (Figure 6.3).
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The two most prevalent non-F HAdV types were C2 (11.0%, n=49/445) and C1 (10.1%,
n=45/445) from species C (Figure 6.3), which has traditionally been associated with
paediatric respiratory illness (4, 341, 343, 345). This work found that species C HAdV
also represented 31.5% (n=81/257) of adenovirus-associated AGE in children aged two
or younger (Figure 6.1). This study highlights the importance of this group as a
common cause of paediatric gastroenteritis. Thus, future surveillance projects should
include tests that detect all HAdV and perform genotyping to gain better
understanding of their contribution to global disease burden. This knowledge will

guide the formulation of future vaccines and identify targets for antiviral development.

Understanding of HAdV molecular epidemiology is vital because these viruses
are also used as gene delivery vectors for vaccination (684-687) and pre-existing
neutralising antibodies can have consequences for vaccine efficacy (688, 689). HAdV
type C5 for example, is a popular choice for adenoviral gene delivery (690-693),
however this virus is also extremely common in the population. Xiang et al. reported
the presence of neutralising antibodies in a large proportion of adults in the USA
(34.0%), Thailand (76.5%), Cameroon (55.8%), Nigeria (89.0%), and Cote d'lvoire
(95.8%) (694). Recent efforts to use HAdV C5 as a delivery platform for a COVID-19
vaccine have found that pre-existing immunity diminished both T-cell and antibody-
mediated responses to vaccination (691, 692). Therefore, adenoviral vectors may need
to shift towards the use of rare human serotypes or those derived from non-human
primates instead. One of the problems with using these serotypes, however, is that
seroprevalence can also vary between different geographical regions (694, 695). Thus,
it is essential that holistic molecular surveillance of circulating HAdV is performed on a
global scale, to correctly identify rare types, facilitating the development of more
effective vaccines. Another problem encountered when using AdV vaccines was the
rare but severe side-effects that were noted in the large-scale use of the AstraZeneca
Adv-based COVID-19 vaccine which will likely provide a major hurdle to the future
development of HAdV vaccines. The work performed in this thesis is crucial as it
provides an Australian perspective on HAdV circulation within the population. Such
molecular epidemiological surveillance should be consistent and ongoing so that any

changes in prevalence may be identified, particularly in the case of rare strains.
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7.3.1 Future directions

In April 2022, an acute, severe hepatitis of unknown origin emerged suddenly,
and has since been reported (as of 26 May 2022) in 650 children across 33 countries
including the UK, USA, Netherlands, Italy, Spain, Israel, and Japan, (596, 598). HAdV
and type F41 in particular, have been proposed as a potential aetiology agents due to
their high detection rates in patient samples (596). Additional circumstantial evidence
for an adenoviral cause includes the significant increase in HAdV infections in the UK,
where the majority of cases have been identified (599). Although F41 has not been
associated with hepatitis in the past, HAdV are known to evolve through
recombination (375-377, 618, 640). Therefore, it is possible that a novel recombinant
HAdV possessing an F41 hexon and different penton and fibre proteins has caused this

outbreak of acute, severe hepatitis.

This recent outbreak of hepatitis is a reminder of the importance of continued
surveillance of HAdV within the community. Thorough molecular monitoring (whole-
genome sequencing) and virus cultivation studies would be required to assess whether
HAdV is the cause of this acute, severe hepatitis outbreak. Furthermore, molecular
epidemiological surveillance should be expanded to include typing of other major
components of the viral capsid such as the penton and fibre genes which determine
tissue tropism (389-391, 641). This will facilitate the detection of novel recombinant
strains that may emerge in the population. Molecular typing data should also be linked
to severity and range of clinical symptoms as this would enable identification of
epidemiological connections. This will be useful for detecting emerging strains of

clinical significance.

7.4 Final remarks

The goal of this thesis has been to address the threat of viral pathogens through
providing groundwork for future antiviral and vaccine development. The work of this
thesis has contributed to development of broad-spectrum non-nucleoside inhibitors of
RNA viruses. The molecular surveillance of norovirus and HAdV in the population
conducted will be essential for identifying appropriate targets for future vaccine and

therapeutic development. This study has expanded sewage surveillance capabilities to
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include the detection of recombinant noroviruses. The level of genomic detail
retrieved from wastewater samples in this thesis showcases the utility of wastewater
as a surveillance tool for other similarly enterically shed pathogens within the
community. As the role of the non-structural region becomes increasingly important to
norovirus viral fitness, this will enhance our ability to detect recombinant viruses with
epidemic or pandemic potential. This thesis also demonstrates the importance of non-
group F HAdV in gastroenteritis and the urgent need to continue molecular monitoring
of all HAdV strains. Such holistic ongoing global surveillance will be vital to

development of effective adenoviral vector vaccines.
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8 Appendix

Appendix Table 8.1. MS2 cycle threshold and calculated copies.

Test Cycle threshold Calculated copies®
1 21.29 934,590
1 (diluted 1 in 10) 24.46 1,257,400
2 21.42 862,580
2 (diluted 1 in 10) 24.33 1,358,350
3 21.76 695,265
3 (diluted 1 in 10) 24.94 945,250
4 21.60 772,830
4 (diluted 1 in 10) 24.48 1,239,900
5 21.08 1,076,470
5 (diluted 1 in 10) 24.04 1,632,050
6 20.97 1,142,025
7 19.81 2,388,345
8 20.64 1,411,680
9 20.43 1,617,000
10 20.15 1,927,740
11 21.09 1,062,240
12 20.30 1,747,665
13 20.15 1,920,495
14 20.20 1,860,600
15 20.09 2,000,340
16 20.74 1,321,515
17 19.69 2,583,270
18 21.88 642,225

2Copies in original frozen spherical aliquot.

Appendix Table 8.2. Reference sequences used for mapping of NGS reads.

P-type-genotype

Accession number

GII.PNA9-GII.27
GII.PNA5-GII.22
GlI.PNA4-GII.11
GII.PNA2-GII.NA2
GII.PNA1-GII.NA1
Gll.P41-Gll.13
GlI.P40-Gll.5
GlI.P38-Gll.25
GlI.P33-Gll.12
Gll.P33-Gll.4
Gll.P33-Gll.1
GlI.P31-Gll.17

Gll.P31-Gll.4 Sydney

Gll.P31-Gll.4 Osaka
GII.P31-Gll.2
GIl.P30-Gll.4
GII.P30-GlI.3
GII.P30-GlI.2
Gll.P29-GlI.3

MK733205.1

MG495082.1

AB074893.1

MG706448.1

MG495079.1

DQ379714.1

AB212306.1

GQ856469.1

KJ710246.1

Sequence from current study
JN797508.1

KT589391.1

JX459908.1

AB434770.1

LC209439.1

Sequence from current study
MT492039.1

AY134748.1

AF190817.1
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GlI.P27-Gll.27
Gll.P26-Gll.26
GlI.P25-Gll.25
Gll.P24-Gll.24
GlI.P23-Gll.23
Gll.P22-Gll.22
Gll.P21-Gll.21
Gll.P21-Gll.13
Gll.P21-GlIl.3

GlI.P20-GlI.20
GlI.P18-Gll.18
GlI.P17-Gll.17
Gll.P17-Gll.4

Gll.P16-Gll.21
Gll.P16-Gll.17
Gll.P16-Gll.13
GlI.P16-Gll.12
Gll.P16-Gll.10
Gll.P16-Gll.6

Gll.P16-Gll.4 Sydney

Gll.P16-Gll.3
Gll.P16-Gll.2
Gll.P16-Gll.1
Gll.P15-GIX .1
Gll.P12-Gll.13
Gll.P12-Gll.12
Gll.P12-Gll.10

Gll.P12-Gll.4 Asia

Gll.P12-Gll.3
Gll.P11-Gll.19
Gll.P11-Gll.11
GlI.P8-GII.8
Gll.P7-Gll.14
GlI.P7-GIL.9
GlI.P7-GIL.7
Gll.P7-Gll.6
Gll.P7-Gll.4
Gll.P6-Gll.6

Gll.P4 NO-GII.4 Sydney

Gll.P3-GIL.3
Gll.P2-Gll.21
Gll.P2-GII.17
Gll.P2-GII.13
Gll.P2-Gll.4
Gll.P2-GlI.2
Gll.P1-Gll.1
GlI.P16-Gll.16

MG495078.1

MF352142.1

MG495083.1

MG495084.1

MG551869.1

AB083780.1

KJ196284.1

MH702263.1

MG892954.3

EU424333.1

AY823304.1

LC037415.1

Sequence from current study
Sequence from current study
KJ196286.1

MG892908.3

MK754447.1

MT501827.1

Sequence from current study
LC153121.1

MK280951.1

KY865306.1

MK483908.2

KJ196290.1

KJ196276.1

KJ196299.1

AF504671.2

AB220922.1

KY905334.1

AY823306.1

AB126320.1

AB039780.1

GU017903.2

AY038599.2

MH218692.1

AB039777.1

Sequence from current study
JX989075.1

KF386146.1

AB039782.1

Sequence from current study
Sequence from current study
Sequence from current study
Sequence from current study
X81879.1

u07611.2

AY502010
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Appendix Figure 8.1. Institutional gastroenteritis outbreaks reported in NSW, 2016 to
2020.

The total number of yearly institutional gastroenteritis outbreaks reported to the NSW
Ministry of Health between 2016 and 2020. Monthly institutional outbreaks from 2016 and
2017 were previously published in (303) and (229), respectively.
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F HlH[F[a][c[c]c]e]elelc]e|cAlATA] c[c|c[c[s[Dfo]o]olB]rF[e[e[E[E]E
Strain ID 234|204 205|206| 207| 208| 300[310] 327 233] 330| 340] 341 352| 355|356 | 257| 350| 364| 368| 272| 373| 375] 376| 277] 378] 382| 303 | 304| 305 306| 07| 204|407 411|212 [413[ 414
AY032605_MD145_1987 viv[e|s|u|o|s[n[v|L|[r[alD|s|s|v|[alt|s|t|(n|{n|[F|alT]e| k|| -|o|alalv|N|rR|[T[&]H]| residuetue
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Appendix Figure 8.2. Antigenic changes in the VP1 epitopes for previous Gll.4 pandemic variants.

Full-length capsid sequences of pre-pandemic and pandemic lineage Gll.4 noroviruses were compared to identify antigenic variations. The Strain ID includes
the GenBank accession number and variant name. Amino acid residues are coloured by based on side chain properties. Antigenic epitopes A-H are labelled
using coloured boxes at the top. Amino acid positions are also indicated.
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