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Abstract

Rotaviruses (RVs) are a major cause of acute gastroenteritis in infants and young
children worldwide, accounting for ~215,000 deaths annually, mostly in developing countries.
Likewise, RV-associated enteritis in young calves and piglets has a significant economic

impact on livestock production as a result of the high morbidity and mortality caused.

The RV genome comprises 11 segments of dsRNA encoding structural and non-
structural proteins that are essential for virus replication. However, the coding capacity of
individual RV genes varies between strains with evidence demonstrating expression of
accessory proteins from alternative open reading frames. Work in this thesis aimed to identify
accessory proteins encoded by the bovine RV strain RF and investigate their role in
pathogenicity. Additionally, lack of a plasmid-only reverse genetics system to artificially
engineer and mutate an infectious RV has limited studies of its genome. Thus, a plasmid-only
reverse genetics system was established for the RF strain that was used in proof-of-principle

experiments to tag viral protein NSP3 with SARS-CoV-2 spike peptides.

In vitro transcription and translation assays led to the identification of an unknown
polypeptide of ~100 kDa in the RF gene segment 1 (VP1). Bioinformatic analyses identified
highly conserved AUG codons corresponding to putative alternative translation initiation sites.
Specifically, in the cell free system, mutation of AUG12 (M130) and AUG14 (M146) decreased
the expression of the unknown polypeptide, suggesting that both AUGs were utilised for
downstream translation initiation. In contrast, in cells transfected with VP1-EGFP tagged
constructs, only AUG12 (M130) was utilised for the expression of the unknown polypeptide.

Thus, a novel VP1 isoform named VP1-N129 was identified.

In the context of RV infection, only the leucine substitution at M130 residue (M130L)
affected virus production whereas substitution of methionine to valine (M130V) had no effect
on the viral rescue nor on replication. Neither M146L nor M146V mutation affected the viral
rescue or replication kinetics. To assess the impact of M130 and M146 mutations on the viral
polymerase activity, attempts were made to develop a ‘mini-genome’ assay. Preliminary
results from this assay showed no effect on the polymerase function, although further

experiments are needed to improve the sensitivity of the assay.

In conclusion, a novel N-terminally truncated isoform of VP1 has been identified but

further studies are required to confirm its role as a potential accessory protein in RV infection.



Lay Summary

Rotaviruses (RVs) are a leading cause of diarrheal-associated deaths in infants and
young children, particularly in developing countries. RVs also affect livestock, impacting
economic productivity due to illness and high mortality in young dairy calves and newborn

piglets.

The genetic material of RVs consists of 11 segments that encode proteins crucial for
virus replication. Some RV segments have the ability to make more than one protein from
different start sites. These proteins, called accessory proteins, are not essential but have an
important role in viral pathogenesis. ‘Reverse genetics’ is a tool used to investigate the
biological effects of introducing mutations in the genes of viruses, which can be used to find
these accessory proteins. This thesis aimed to develop the reverse genetics system for the
bovine RV strain RF, which was then used to identify and characterise the accessory proteins

with a focus on understanding their role in causing disease.

Using computer analyses and various experiments, frequently observed alternative
start sites were identified in the RF gene segment 1 at amino acid positions 130 and 146.
Specifically, mutating the start site at amino acid position 130 affected the expression of a
truncated form of the protein from segment 1 in cells. Thus, a novel version of a viral protein
expressed from RF gene segment 1 called VP1-N129 was discovered. Using reverse
genetics, different mutations were introduced at amino acid positions 130 and 146 that
affected virus production. Segment 1 codes for a viral polymerase which is an enzyme that
makes copies of the viral genetic material. An experiment was designed to test whether the
amino acid changes made using reverse genetics affected the function of the viral polymerase.
Preliminary results from this experiment showed no impact of segment 1 mutations on the viral

polymerase activity, thus requiring further investigation.
In conclusion, an alternative start site for a potential accessory protein was identified

in RF segment 1. The role of this protein in viral pathogenicity and its mechanism of expression

is yet to be determined.

vi
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Chapter 1: Introduction




1.1 General introduction to Rotaviruses

Rotaviruses (RVs) are the leading cause of acute gastroenteritis in infants and young
children under the age of five accounting for ~128,500 deaths annually, particularly in low-
income countries [1]. Human RVs were first discovered in 1973 when Bishop et al., (1973)
identified virus particles in electron micrographs of duodenal biopsy samples from children
with acute diarrheal disease [2]. Several animal viruses described during the previous 10 years
were later found to be RVs based on the shared characteristics with and similar morphology
to human RVs [3-5]. Accordingly, RV-associated enteritis in young calves and piglets has a
significant economic impact on livestock production as a result of the high morbidity and

mortality caused as well as the high cost of treatment for infected animals [6-9].

1.2 Classification

RVs comprise the genus Rotavirus within the subfamily Sedoreovirinae of the
Sedoreoviridae family in the order of Reovirales [10]. There are ten distinct species of RVs
(A—J) that have been classified according to the antigenic variability of the viral protein 6 (VP6)
[11-13]. Additionally, novel species K and L, identified in common shrews, have been recently
defined, mainly based on their genome sequence identities [14, 15]. RV species A-C have
been found in animals and humans whereas species D—J have only been identified in animals.
Species A are extensively studied and individual RV strains are often classified by a binary
serotype system GxP[x] analogous to the HxNx designation of influenza virus strains [16]. The
two outer capsid proteins VP7 (G antigen - glycosylated) and VP4 (P antigen protease—
sensitive) are used to determine the strain serotype based sequence differences and reactivity
with neutralising antibodies [10]. To date, 41 G-types and 57 P-types have been identified [17].
In 2008, a comprehensive nucleotide sequence-based classification system was established
for species A RV assigning a specific genotype to each of the 11 gene segments [18].
According to the updated guidelines from the Rotavirus Classification Working Group,
nomenclature for individual strains was assigned to be: RV species/species of origin/country
of identification/common name/year of identification/G- and P-type [19]. Thus, the prototype
bovine strain RF is designated RVA/Cow/France/RF/1975/G6P6 [20]. RV species A are the
most predominant accounting for over 90% of infections in humans and animals, and thus will
be the focus of this thesis [21].
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1.3 Virion structure

The mature infectious RV virion is a non-enveloped triple-layered particle (TLP) that
exhibits a T = 13 icosahedral symmetry and contains 11 segments of double-stranded RNA
(dsRNA) as its genome (Figure 1.1) [22, 23]. Based on the TLP morphology detailed by
electron microscopy, Flewett et al., (1974) proposed the name ‘rotavirus’ from the Latin ‘rota’
meaning ‘wheel’ [24]. The TLP is ~100 nm in diameter and comprises the outer layer VP7
embedded with VP4 spikes, the intermediate VP6 layer and the core shell made of VP2 [23].
The TLP structure also includes 132 large aqueous channels grouped into three types (type |,
type Il and type lll) based on their locations in the T = 13 icosahedral lattice [25, 26]. The core
shell has 120 VP2 molecules arranged as asymmetrical dimers organised in a unique T =1
icosahedral symmetry encompassing the dsRNA genome [23, 27]. One isoform of VP2, VP2-
A, converges around the fivefold axes forming a star-shape complex, while the VP2-B isoform
interlocks between the adjacent VP2-A [27]. Inside the core shell, the polymerase complex,
composed of the RNA-dependent RNA polymerase (RdRp) (VP1) and the RNA capping
enzyme (VP3), is anchored at the fivefold axes through simultaneous interactions with multiple
subdomains of VP2-A and VP2-B [28, 29]. The current view is that each genome segment
interacts with one specific polymerase complex [27, 30]. This capsid architecture found in RVs
and orbiviruses [31] contrasts with the turret structure found in the reoviruses [32],
aquareovirus [33] and cypovirus [34] of the Sedoreoviridae family, where the capping enzyme

is not located within the core but protrudes at the fivefold axis.

The core shell is surrounded by an intermediate layer of 260 trimers of VP6 forming
the transcriptionally active, non-infectious double-layered particle (DLP) [10]. Binding of VP6
stabilises the core allowing capped transcripts to exit through the type | channels at the fivefold
axis [35]. The DLP in turn is covered by 260 trimers of glycoprotein VP7, and 60 spikes of VP4
trimers, forming a mature TLP [36]. The VP4 (88 kDa) on the TLP is proteolytically cleaved
into VP8* (28 kDa) and VP5* (60 kDa) subdomains, which represent the amino- and carboxyl-
terminal regions of the protein respectively [37, 38]. Proteolytic cleavage is required for
efficient RV infectivity as a series of conformational changes in VP4 facilitate entry of RV into
cells [39, 40]. VP8* mediates initial binding of the virus to cells whilst VP5* plays a role in direct
cell membrane penetration [38]. The lectin domains of the VP8* fragment form the tips of the
spikes that cover the hydrophobic loop of the VP5* 3 barrel domains [36, 38]. The C-terminal
of the VP5* forms the foot domain, which is buried in the particle and anchors the spike through
its interaction with both the VP6 and the VP7 layers [23]. VP8* and VP5* remain non-

covalently associated with each other on the mature virion [38].
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The outer layer of the capsid shields the virus from the harsh environment of the
digestive system [10]. Furthermore, VP7 and VP4 are targets of both homotypic and cross-
reactive heterotypic neutralising antibodies [36]. Specifically, antibodies that target the VP8*
subdomain block RV attachment, thus the VP8* subunit protein has been used in several

vaccine platforms [41-44].
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RV virion

VP8*

VP5*

VP1/VP3 i dsRNA

Figure 1.1 Schematic of RV virion.

The virion is composed of three concentric layers: VP4 spikes and outer layer VP7,
intermediate layer VP6 and inner layer VP2. A transcription complex of VP1 and VP3 is
located inside the VP2 layer at the fivefold axes of symmetry. The viral dSSRNA genome
comprises 11 segments of different sizes. VP4 is proteolytically cleaved into an N-
terminal fragment, VP8* (28 kDa), and a C-terminal fragment, VP5* (60 kDa). Ribbon
representation of VP4 is shown in box. VP8* domain — magenta, VP5* 3-barrel domains
— teal and VP5* foot domain — light blue. Schematic not to scale. (Adapted from
Herrmann et al., 2020 [38]; created with BioRender.com; crystal structure annotated in
PyMOL [330] using PDB ID: 6WXE).
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1.4 Genome structure and organisation

The RV genome is ~18,500 base pairs (bp) in size and encodes six structural (VP1 -
VP4, VP6 and VP7) and depending on the strain, five or six non-structural proteins (NSP1 -
NSP5 £ NSP6) [10]. All of the gene segments are considered monocistronic except segment
11 which encodes two proteins, NSP5 and NSP6 [45]. The gene segments range in size
between 667 (segment 11) and 3302 (segment 1) bp in length [46]. Species A RV transcripts
are capped, lack a 3’ poly(A) tail, are A+U rich (60—70%) and contain short conserved 5’ (GGC)
and 3’ (UGUGACC) terminal sequences that are part of the untranslated regions (UTRs) [10,
47]. The lengths of the 5’ and 3’ UTRs vary for different segments ranging between 9 — 49
nucleotides at the 5’ end and 17 — 182 nt at the 3’ end (Figure 1.2) [46]. The 3 conserved
consensus sequences contain important cis-acting signals for gene expression, packaging
and replication [48, 49]. In silico analyses revealed conserved secondary structures in the
positive strand RNAs ((+)RNAs), including long-range interactions at the 5 and 3’ terminal
regions of all segments [50]. Complementary base pairing of 5’ and 3’ regions of each segment
are predicted to facilitate RNA circularisation by forming panhandle structures with the 3'-
GACC conserved terminal sequence extending as a single-stranded tail [49-51]. The
interaction of this extended RNA with different RV proteins is thought to regulate the dsRNA
synthesis [51]. Similar features of the RNA termini (5’ cap and 3’ conserved sequences) are
found in the genomes of reoviruses and orbiviruses of the Sedoreoviridae family as well as in

other virus families such as Orthomyxoviridae and Bunyaviridae [52-55].
A summary of the major features of the RV genes are highlighted in Figure 1.2. The

RV genome structure and organisation based on bovine RV RF prototype is shown in Figure

1.3 with the functions of their respective proteins summarised in Table 1.
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(9 - 48) (17 - 182)
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m'G — ORF
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AUG 3'- Enhancing sequence \ Feare o
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A
(-)RNA initiation complex cis-Regulatory elements

5’- Enhancing sequence

Figure 1.2 Schematic of general features of RV gene structure.

All 11 RV genes are capped at the 5' end (represented by m’G) and lack poly(A) tail. The main
open reading frame (ORF) is in blue and the AUG codon (black arrowhead) denotes the
canonical start site. The 5'- and 3'-UTRs of the mRNA vary in length (nucleotides in brackets)
and are shown in white. The RdRp interacts with the 5’-end conserved sequence to initiate
negative strand RNA synthesis designated as (-)RNA initiation complex (black arrowhead).
Enhancing sequences (long arrows) present at 5’- and 3’-end base-pair and form panhandle
structures from which the 3’ consensus sequence extends as a single stranded tail. The 3’ cis-
regulatory elements required for RNA replication and transcription are shown (short arrow).
NSP3 interacts with the 3'-end (5'-GACC-3’) translational enhancer sequence (underlined) and
acts as a poly(A) tail. Schematic not to scale. (Adapted from Crawford et al., 2023 [10]).
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Figure 1.3 RV gene products.
RNA segments illustrated in the positive sense with their encoded proteins (size shown in nucleotides). Coding regions from the 11 segments are

represented by boxes with colours defining different reading frames (blue - primary products, frame 1; grey - secondary products, frame 2). Information
is based on bovine RV strain RF (strain RVA/Cow/France/RF/1975/G6P6[1]) [20]. The gene segments range in size from 667 (segment 11) to 3,302
(segment 1). Schematic not to scale. (Adapted from Crawford et al., 2023 [10]).
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Table 1 RV gene products, localization and respective functions
Information is based on bovine RV strain RF (RVA/Cow/France/RF/1975/G6P6[1]) [20] downloaded from NCBI and UniProtKB. (Adapted from Crawford et al.,
2023 [10] and Richards et al., 2013 [263]).

Gene
segment

10

Accession UniProtKB Encoded Segment

#

KF729687

KF729642

KF729645

KF729650

KF729656
KF729658

KF729664

KF729667

KF729675

KF729677

ID

P17468

P12472

Q8BB04

Q96802

P12475
P04509

WO0G110

HON1A1

Q86504

Q6YLV5

protein

VP1

VP2

VP3

VP4

NSP1
VP6

VP7

NSP2

NSP3

NSP4

size (bp)

3302

2687

2591

2362

1578
1356

1062

1059

1074

751

(e | (Sene Mw o S Location in virion
size size (kDa) UTR UTR and cell Functions
(bp) (aa) (bp) (bp)
Core - attached .
b . RNA-directed RNA polymerase (RdRp);
3267 1088 125 18 17 |n3|d§ the inner interacts with VP3; RNA binding
capsid
- . . RNA binding; protects dsRNA from
288 | e |asl s [ 28 [0Rre = [l CEpEl degradation; required for RdRp activity
Core - attached MRNA capping; affinity for ssRNA; mRNA
2508 835 98 49 34 inside the inner methyltransferase and
capsid nucleotidyltransferase activity
Outer capsid; host Cleaved into VP5 and VP8; virulence and
2331 776 86.8 9 22 ER and cell host range restriction; host-virus interaction;
membrane attachment and entry
1476 491 58.7 31 71 Host cytoskeleton  IFN antagonist; RNA binding
1194 397 448 23 139 Intermediate capsid Required for transcriptional activity of DLPs
Outer capsid; host Defines the G serotype of species A RVs;
. 2B | [ Al s ER lumen calcium dependent; attachment and entry
. Essential for viroplasm formation; ssRNA
954 317 367 46 59 osteytoplasmin o ATP binding; RTPase and NTPase
viroplasms o
activity
Initiates capped mMRNA translation; binds to
942 313 36.4 25 107 Host cytoplasm viral (+)ssRNA, host elF4G and Hsp90;
displaces PABP
Viroporin; participates in RNA replication;
528 175 204 41 182 Host rough ER modulate_s |.n.tracellular palc!um levels;
membrane enterotoxin; interacts with viroplasms and

host autophagy pathway
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216 21

115 79

Host cytoplasm in  Essential for viroplasm formation; interacts

<) viroplasms with NSP2; participates in RNA replication

Host cytoplasm in
291 viroplasms and host Interacts with NSP2 and NSP5

mitochondrion

25



1.5 Viral accessory proteins

Viral accessory proteins are defined as non-essential proteins encoded by some virus
strains [56]. Typically, accessory proteins play an important role in viral pathogenicity or
spread as demonstrated by the accessory proteins of many RNA viruses, such as the PA-X
protein of influenza A virus (IAV) or the XP protein of astrovirus [57, 58]. Expression of viral
accessory proteins typically involves non-canonical gene expression mechanisms that

diversify the coding repertoire of the virus genome [59].

To date, studies have documented the expression of potential accessory proteins in
some RV species.

The NSP6 protein (92 aa; 12 kDa) of RV is expressed from an overlapping open
reading frame (ORF) in segment 11 (possibly by ribosomal leaky scanning [60]) is the most
intensively studied accessory protein, yet its precise function has not been fully characterized
[45]. NSP6 has been proposed to localize to viroplasms through interaction with NSP5, and to
mitochondria via its conserved N-terminal signal sequence [61-64]. Komoto et al., (2017)
demonstrated that NSP6 is not essential for viral replication in cell culture, but may be
important for viral replication in vivo [65]. This is supported by sequence analysis of segment
11 from different RV strains which revealed that some culture-adapted strains lack the NSP6
protein [62]. However, a recent study showed that NSP6 was not required for replication and
pathogenicity in vivo and a recombinant NSP6-deficient virus was able to induce diarrhoea in
suckling mice [66]. Two human virus isolates Mc323 and 512-C do not have the NSP6 start
codon, while the lapine Alabama strain and the porcine OSU strain both possess a truncated
NSP6 ORF [67-70]. ORF coding for full-length NSP6 is also missing in all species C RVs [61].
Interestingly, the NSP4-encoding segment of species D RV strain Ch-49 isolated from a
chicken possesses two partially overlapping ORFs, analogous to RV species A NSP5 [71]. In
infected cells, the NSP6 protein is expressed at low levels and has a high turnover rate with
the majority of protein degraded within 2 hr of synthesis [62]. Nonetheless, the presence of
the NSP6 ORF is highly conserved among RV species A isolates from natural infections

suggesting that further studies are required to confirm its role in pathogenicity [65, 66].

Of the two in-phase initiation codons in gene segment 7 (VP7) of RV simian agent 11
(SA11) strain, only the second codon has an optimal Kozak context for translation initiation
[72, 73]. In vitro translation of segment 7 mRNA using wheat germ extracts produced two
distinct polypeptide species of different molecular weights (37 kDa and 35.5 kDa) [72]. Both
products were also detected in infected cells and in purified virus particles of other RV strains

such as canine (CU-1), bovine (NCDV) and rhesus (RRV) [72]. Further digestion with Endo H
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enzyme showed that both products were glycosylated but that only one product contained a
cleavable signal sequence [72]. Whether the two products are functionally distinct remains

unknown.

Studies of species B RVs showed that gene segment 5 (NSP1) contains two
overlapping ORFs and was predicted to encode putative proteins NSP1-1 and NSP1-2 [74,
75]. Diller et al., (2019) demonstrated that NSP1-1 expression mediated fusion and syncytium
formation of cultured cells, thus enhancing viral replication [75]. Based on the nucleotide
sequences flanking the initiation codons, translation of NSP1-2 was predicted to be more

efficient than NSP1-1, although its function remains unknown [74, 75].

Segment 9 (NSP3) of the porcine species C RV (Cowden strain) has been shown to
produce three proteins [76, 77]. Expression of the full-length NSP3 protein (45 kDa) in vitro
resulted in two proteolytically cleaved polypeptide products with molecular weight of 35 kDa
and 8 kDa [76]. Coupled in vitro transcription and translation reactions demonstrated that
cleavage of NSP3 occurred cotranslationally with its synthesis or immediately after, since the
two products were detected prior to detection of the full-length NSP3 [76]. Functional analysis
revealed that the smallest polypeptide (8 kDa) specifically binds to dsRNA while the 35 kDa
polypeptide might be involved in inhibition of interferon (IFN) induced protein kinase R (PKR)
[76].

Lastly, gene segment 7, coding for NSP3, of species A RVs contains two in-frame AUG
codons 25 and 32 nucleotides from the 5’ end, with second AUG having an optimal Kozak
motif [47, 78]. The first AUG was shown to be mutated in an avian RV and a human isolate M
of species A [79, 80], whereas a functional protein was produced when translation started at
the second AUG [78, 81]. Additionally, conserved RNA structural elements such as long-range
interactions have been detected in some segments of species A RVs (VP4, VP6, NSP2, NSP5
and NSP3), raising the possibility that translation initiation from downstream AUG in NSP3

could be mediated through an internal ribosomal entry site (IRES) [50].

Overall, evidence demonstrates the potential for alternative translation initiation in
some segments of the RV genome although the mechanisms of expression as well as the
exact functions of identified polypeptide species have not yet been defined. Many RNA viruses
employ non-canonical translation initiation mechanisms to regulate gene expression in order

to maximise their coding capacity, making RVs no exception.
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1.6 Replication cycle

RVs primarily infect mature enterocytes in the middle and on the tip of the intestinal
epithelium and replicate exclusively in the cytoplasm [10]. At a high multiplicity of infection
(MOI), the complete replication cycle in cell culture takes between 10 to 12 hr at 37°C [82].

The RV replication cycle can be summarised by the following steps:

Attachment and cell entry
Positive-strand RNA ((+)RNA) synthesis
Translation of viral proteins

Viroplasm formation, packaging and dsRNA replication

vV V VY V V

Virion maturation and release

A schematic representation of the RV life cycle is shown in Figure 1.6.

1.6.1 Attachment and cell entry

The VP8* lectin domains of the outer capsid VP4 mediate RV attachment and
depending on the strain bind to different host cell receptors such as sialic-acid glycans
(gangliosides GM1 and GD1a) and histo-blood group antigens (HBGAs) [83-85]. Animal RV
strains such as RRV and SA11 as well as human strains Wa and DS-1 bind sialic acid or sialic
acid-containing gangliosides GM3 or GM1 [83, 86, 87]. However, various human strains of the
P[6], P[11] and P[14] serotypes revealed binding specificity for HBGA, while interaction of the
P[8] serotype with HBGA depends on the presence of a functioning fucosyltransferase 2
(FUT2) enzyme [88]. However, studies using human intestinal organoids showed that
functional FUT2 did not affect susceptibility to RV infection of the P[8] serotype [89].
Nevertheless, epidemiological studies have demonstrated that children with less severe
gastroenteritis had genetic polymorphisms affecting expression of the FUT2 enzyme [90].
Interestingly, major human RV serotypes P[8], P[4] and P[6] as well as norovirus, another
pathogen causing acute gastroenteritis in children, all use polymorphic HBGA receptors for

cellular attachment [91, 92].

Additionally, various cell surface molecules can act as potential co-receptors for RV
cell entry. All co-receptors including integrins (a2p1, aVB3, aXp2 and a431) and human heat
shock cognate protein 70 (hsc70) are associated with lipid-rafts found on the cellular plasma

membrane, providing a platform with which RV TLPs can associate [85, 93, 94]. Hewish et al.,
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(2000) showed that integrins expression in poorly permissive cells increased SA11 attachment
and infectivity [95]. For RRV, following attachment to sialic-acids and integrins, the VP5*
domain, specifically 642 and 659 residues were shown to interact with hsc70 [96]. A synthetic
peptide mimicking this VP5* region (peptide KID) and antibodies to hsc70 block RV entry but
not cell binding, suggesting that VP5* interacts with hsc70 at a post-attachment step [93, 96].
Additionally, Gualtero et al., (2007) reported interaction between DLPs of the RRV, YM and
Wa RV strains with hsc70, suggesting an indirect role of VP6 in RV cell entry [97].

After the initial attachment to cells, the VP8* lectin domains dissociate and expose the
hydrophobic loops of the VP5* 3-barrel domains [23, 37, 38]. The VP5* subunits fold back
onto themselves and the interaction of the VP5* hydrophobic loops with the lipid bilayer leads
to perforation of the plasma membrane by the VP5* foot domain, facilitating RV entry [37, 98,
99]. In its post-fusion conformation, VP5* remains bound to the TLP through contact with the
VP7 subunits [38, 100]. The refolding of the V5* subunit is analogous to the membrane fusion
mechanism of IAV where the proteolytically primed hemagglutinin (HA) interacts with the
target membrane and refolds to insert the hydrophobic peptide into the host cell membrane
[101].

Different RV strains enter cells through different endocytic pathways. Both receptor-
and clathrin-mediated endocytosis as well as direct plasma membrane penetration have been
suggested as mechanisms of TLP internalisation [102]. During endocytosis, a decrease in the
calcium ion (Ca?*) concentration in the endosome leads to the dissociation of both VP4 and
VP7 from the particle mediating the release of the transcriptionally active DLP into the

cytoplasm [103].

1.6.2 Positive-strand RNA ((+)RNA) synthesis

The polymerase complex, VP1 and VP3, synthesises capped, non-polyadenylated,
(+)RNA transcripts from the negative strand of the genomic RNA, that are extruded out of the
DLP into the cytoplasm [10]. The (+)RNAs function as mRNAs for viral protein translation by
cellular ribosomes, and also as templates for synthesis of new dsRNA genomes in newly
formed DLPs after interaction with VP1 [29, 104]. The VP1 has a cage-like structure with four
tunnels leading to a catalytic core (residues 333-778) enclosed between the N-terminal
(residues 1-332) and C-terminal domains (residues 779—1088) [105]. Two of the tunnels allow
entry of the RNA template and NTPs whereas two others function as RNA exit tunnels [105,
106]. The cap-binding site of the N-terminal domain of VP1 splits the dsRNA genome through

its interaction with the 5’ conserved m7GpppGGC residue of (+)RNA present in all RV
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segments [49]. The N-terminus of RV VP1 has a neighbouring helix-loop-helix (HLH)
subdomain (residues 39-69) which further separates the genomic duplex [107]. After a short
part of the helix is unwound, the unpaired negative strand RNA ((-)RNA) traverses towards
the active site of RdRp and immediately pairs with complementary NTPs within the core that
form a backbone of the nascent RNA [107]. The dsRNA genome is pushed along by the newly
synthesised nascent RNA backbone until it reaches the C-terminal domain of VP1 where the
coding strand reanneals with the template and reforms the dsRNA genome [107]. The
presence of distinct exit tunnels ensures that the nascent RNA is released into the cytoplasm
while the (-)RNA is reused in subsequent rounds of (+)RNA synthesis [105, 108].

Proposed model of RV transcription is shown in Figure 1.4.

(+)RNAs are capped at the 5" end by VP3 that exhibits guanylyltransferase (GTase)
and methyltransferase (MTase) activities using GTP and S-adenosyl methionine as substrates
respectively [109]. In the leading proposed model for capping the endogenous transcript, the
phosphodiesterase domains of VP3 tetramers are positioned between two VP1 molecules at
each fivefold axis, facing the transcript exit channels [110]. The y-phosphate of 5-pppGp is
removed by the RNA triphosphatase domain of VP3 and the emerging transcript transits
through the GTase, MTase and 2’-O-methytransferase domains of VP3 for subsequent
capping [110]. The capped transcript then exits through the type | channel system at the
fivefold axis in the VP2 layer of the DLP [105, 111]. Periz et al., (2013) showed that each
channel of the DLP specialises in extruding one specific segment at any given time [104]. The
proposed location of VP3 parallel to the inner surface of the VP2 layer is consistent with
previous work by Estrozi et al., (2013) [28]. Lawton et al., (2001) showed that the transcription
initiation and capping is followed by a pause in elongation after five to six nucleotides have
been transcribed, suggesting that VP3 is in close proximity to VP1 during endogenous
transcription [112]. In vitro and in situ reconstructions of DLPs have demonstrated that VP1 is
attached to the innermost layer of the core formed by VP2 at fivefold axes, whereas the
location of VP3 was not identified [105, 107]. Thus, the precise mechanism of VP3 capping

requires further analyses.

At a later stage of virus replication, primary transcription must be inhibited to allow RNA
replication to proceed and virus assembly to be completed. Inhibition of transcription is not
fully understood but cryo-EM studies revealed that addition of VP6 trimers can inhibit

elongation and translocation of transcripts [113, 114].
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Transcript —»

Figure 1.4 Proposed model of RV transcription.

Schematic showing RdRp with its corresponding domains. For diagram simplicity only
the N-terminal domain with its HLH subdomain (pink), palm subdomain (blue) and C-
terminal domain (purple) are labelled. Fingers and thumbs of the core are shown in
grey. During transcription, the cap-binding site (CBS) of the N-terminal domain binds
to the genomic (+)RNA and separates the dsRNA while the HLH subdomain further
guides the (-)RNA into the core. Unpaired (-)RNA pairs with complementary NTPs
that form the backbone of the nascent transcript. The transcript then leaves the
polymerase core through one of the aqueous channels while the template stand
reanneals with the (+)RNA and reforms the dsRNA genome. Diagram not to scale.
(Adapted from Ding et al., 2019 [104] and created with BioRender.com).
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1.6.3 Translation of viral proteins

Viral mMRNAs are capped but not polyadenylated and the translation of viral proteins is
facilitated by NSP3 [115, 116]. The N-terminus of NSP3 interacts with the 3’-GACC conserved
consensus sequence of the viral mMRNAs, while the C-terminus of NSP3 interacts with the
eukaryotic translation initiation factor 4Gl (elF4Gl) [78, 117]. The simultaneous interaction of
NSP3 with the 3’ end of viral mMRNA and elF4Gl results in circularisation of viral mMRNA and
translation of RV proteins [118, 119]. Through these interactions, NSP3 evicts the cellular
poly(A)-binding protein (PABP) from its interaction with elF4G, causing PABP to accumulate
in the nucleus [120, 121]. The depletion of PABP from the cell cytoplasm reduces the
translation of polyadenylated mRNAs, thereby suppressing host cell protein synthesis [122-
124].

A second mechanism by which RV inhibits translation of cellular proteins involves
phosphorylation of elF2a early after infection [125]. The continuous phosphorylated status of
elF2a preferentially translates viral mRNAs over those of the host and depends on the
synthesis of VP2, NSP2 and NSP5 [125]. The PKR has also been implicated in this
phosphorylation event, triggered by viral dsRNA in the cytoplasm outside of viroplasms,

although the exact mechanism has not yet been determined [126].

RV proteins are synthesised on free ribosomes in the cytoplasm. The viral
glycoproteins VP7 and NSP4 are co-translationally inserted into the endoplasmic reticulum

(ER) membrane due to the presence of signal sequences at their N-termini [73, 127].
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1.6.4 Viroplasm formation, packaging and dsRNA replication

1.6.4.1 Viroplasm formation

Following viral protein translation, two non-structural proteins NSP2 and NSP5
together form the cytoplasmic inclusion bodies known as ‘viroplasms’ where RV replication
and assembly occur [128, 129]. In the absence of other RV proteins, co-expression of NSP2
and NSP5 is necessary and sufficient for the formation of viroplasm-like structures in
uninfected cells [130]. Silencing of either NSP2 or NSP5 by RNA interference or using
temperature-sensitive mutants prevents viroplasm formation, genome replication and virion
assembly [131-133]. After RV infection, the number of viroplasms decrease with time, whereas
the area of each viroplasm increases, suggesting viroplasms fusion [130, 134]. Viroplasms
associate with lipid droplets and interfering with their interaction decreases the number and
size of viroplasms thereby reducing production of infectious virus [135-137]. Functional
proteasomes and elements of the autophagy pathway are also required for early assembly of

viroplasms and RV replication [138-140].

Viroplasm assembly is regulated by phosphorylation and involves interaction of two
forms of NSP2 with hypo- and hyper-phosphorylated forms of NSP5 [141-143].
Phosphorylation of the C-terminal helix domain of NSP2 at its S313 residue by the cellular
kinase CK1a results in two forms of NSP2: the cytoplasmic or ‘diffuse’ (INSP2) and viroplasm-
specific (vNSP2) NSP2 [142]. The dNSP2 associates with the hypophosphorylated form of
NSP5 to initiate viroplasm assembly [142, 143]. The dNSP2 also forms complexes with the
VP1, the N-terminal hub of VP2 and alpha/beta tubulin [142, 144]. Studies suggest that ANSP2
may traffic viroplasm-associated components to viroplasm sites through its association with
microtubules [134, 144]. The vNSP2 form is detected only in mature viroplasms that are
present later during infection and accumulates concurrently with their increase in size
throughout the replication cycle [142]. Cryo-EM structures show that single-stranded RNA
(ssRNA) and NSP5 compete for binding in the vNSP2 octamer grooves [145]. The VNSP2
octamers, in association with hyperphosphorylated NSP5, form a lattice structure for viroplasm

assembily, likely on lipid droplets [135].

Recently, studies demonstrated that the viroplasms represent condensates formed via
liquid-liquid phase separation of NSP5 and NSP2 [129, 146]. Depending on the stage of
infection, the material properties (e.g., fluidity) of these condensates change concomitant with

NSP5 phosphorylation [146]. Additionally, interaction with the host components, including lipid
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bilayers, microtubules and tubulin, can promote nucleation of condensates and spatially

regulate the kinetics of their formation in cells [146].
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1.6.4.2 Packaging and dsRNA replication

Based on structural and biochemical studies, RV replication including genome
encapsidation and DLP assembly occurs simultaneously with the formation of core particles
[147, 148]. The 11 (+)RNA segments interact with viral core proteins and are packaged in
equimolar amounts [148]. Although the precise mechanism of coordinated packaging is not
well understood, several models have been proposed some of which are described below [36,
48, 149].

During RV replication, (+)RNA serves as a template for (-)RNA synthesis, yielding
dsRNA products [150]. The (+) strand of the dsRNA is capped, while the (-) strand is
uncapped, lacking the 5' y-phosphate (yP) [151]. Studies showed that the NSP2 octamer
relaxes the secondary structures of viral RNA templates for dsRNA synthesis by VP1, and
assists with their translocation into pre-virion cores [152]. Analysis of the NSP2 structure
revealed a deep cleft within the NSP2 octamer containing nucleotide-binding histidine triad
(HIT)-like motifs associated with the nucleoside-triphosphatase and RNA triphosphatase
(RTPase) activities of the protein [151, 153, 154]. After the (-) strand synthesis initiation, NSP2
interacts with the 5’ consensus sequence of the nascent RNA product in such a way that its 5'
end enters the HIT motif, where it engages the catalytic site [152]. Thus, the RTPase activity
of NSP2 motif may account for the absence of yP on the (-) strand of dsRNA genome
segments [151, 153-155]. Furthermore, the interaction of NSP2 with the 5’ end of the (-) strand,
and the interaction of the RdRp with the 3' end of the (-) strand may be responsible for initial

circularisation of the genome segments prior to core formation [151].

Core assembly is initiated by specific interactions of VP 1 with the conserved 3’ terminal
sequence on all 11 mRNAs containing cis-acting signals important for transcription [156]. The
3’ consensus sequence of (+)RNA differs between RV strains with species A (5-UGUGACC-
3’) and C (5’-UGUGGCU-3’) sharing the same ‘UGUG’ motif, while the 3’ termini of (+)RNA in
species B have a different consensus sequence (5’-ACCC-3’) [108, 156]. This interaction is
catalytically inactive and requires the N-terminal domain of VP2 for (-)RNA synthesis and for
encapsidation of VP1 and VP3 into progeny cores [157, 158]. Interaction of VP1 with VP2
leads to conformational changes in the priming loop within the catalytic core of VP1 stabilising
the initiating nucleotide in the priming site of RdRp [159, 160]. This correct alignment results
in the formation of the first phosphodiester bond of the (-)RNA product [161]. For the
polymerase to transition from initiation to elongation, the amphipathic a-helix of VP2 locks the

HLH subdomain of VP1 and displaces the C-terminal plug from the exit tunnel allowing
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threading of dsRNA driven by nucleotide hydrolysis [107, 108]. Simultaneously, the priming

loop retracts allowing elongation of the dsRNA product out of the polymerase [105].

During the core assembly, inter-molecular RNA-RNA interactions between non-
translating viral transcripts are favoured by the presence of the chaperone NSP2 within
viroplasms [162-164]. According to Borodavka et al., (2017) (+)ssRNAs undergo remodelling
upon binding to NSP2 and due its high affinity for ssSRNA, NSP2 may remain associated with
the ssRNA prior its replication [162]. Previous studies showed that loss of NSP2 results in
inhibition of replication and virion assembly [165]. Recently, Strauss et al., (2023) have
demonstrated that clustering of VP1-bound non-translating viral transcripts within viroplasms
for RNA genome assortment and assembly was facilitated through its interaction with NSP2
and NSP5 [163]. Additionally, interaction of VP1 with the N-terminal ‘arms’ of VP2 could aid
the formation of the VP2 lattice around the assorted 11 distinct RNA transcripts [30, 158].

The interaction of the polymerase complex (VP1 and VP3) with the VP2 dimers and
11 dsRNA segments results in the formation of the inner capsid layer, providing a platform for
the subsequent addition of VP6 trimers to form the DLP [27].

Proposed model of genome assortment and packaging is shown in Figure 1.5.

At later stages of infection, a logarithmic increase in mMRNA abundance indicates that
the newly synthesised DLPs in viroplasms have become transcriptionally active, initiating a
secondary wave of transcription and replication [166, 167]. Studies showed that silencing the
expression of the viral proteins that constitute the DLP (VP1, VP2, VP3 and VP6) ablates the

logarithmic increase in the RNA synthesis [166].
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Viroplasm
(NSP2, NSP5, NSP6)

Figure 1.5 Proposed model of genome assortment and packaging.

1. Within viroplasms, (+)RNAs bind VP1 (green) and VP3 (red), forming RNA complexes. 2.
Binding of the NSP2 octamer (yellow) causes structural remodelling of (+)RNAs, promoting
interaction between different RNA transcripts — a process representing RNA assortment. 3. The
assorted RNA complexes are predicted to interact with VP2 to facilitate core assembly, providing
a platform for the addition of VP6 that results in the displacement of NSP2 (4). Schematic not to
scale. (Adapted from Borodavka et al., 2018 [148] and created with BioRender.com).
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1.6.4.3 Virion maturation and release

Virion assembly requires NSP4-mediated increases in cytoplasmic calcium and the
cellular process of autophagy [168, 169]. NSP4 is a transmembrane glycoprotein located in
the ER and acts as a viroporin releasing the ER calcium into the cytoplasm [170-172].
Cytoplasmic increase in calcium levels activates calcium signalling pathways involving
calcium/calmodulin-dependent protein kinase kinase 2 and 5' adenosine monophosphate-
activated protein kinase to trigger autophagy [168]. Coat protein complex Il vesicles traffic
NSP4, the outer capsid VP7 and the autophagy marker protein LC3 Il to the viroplasms [169,
173]. The C-terminal cytoplasmic domain of NSP4 acts as an intracellular receptor that binds
VP6 on the newly synthesised DLPs and mediates budding of maturing viral particles into the
viroplasm-associated membranes [174, 175]. Assembled DLPs leaving the viroplasms are
transiently enveloped but this envelope is removed by an unknown mechanism and the outer
capsid proteins, VP7 and VP4, are assembled onto the particle [173]. Previously, DLPs were
thought to bud through the ER membranes [36].

Virion maturation is a calcium-dependent process and studies showed that in the
absence of calcium, the budding of virus particles into the viroplasm-associated membranes
is not observed [176]. Structural studies of VP7 showed that calcium stabilises the trimeric
interactions between VP6 and VP7 whereas in the absence of calcium VP7 is retained in ER
[147, 177]. Calcium was shown to be important for oligomerisation of NSP4, VP4, and VP7 in
the viroplasm-associated membranes as well as for proper folding of VP7 and outer capsid
assembly [178]. NSP4 also has a binding site for the VP5* domain of VP4 that may play a role
in removing of the transient envelope [179]. Cuadras et al., (2006) showed that following
budding of DLPs into the viroplasm-associated membranes, VP4 and VP7 are assembled onto
the particle and VP7 is involved in the removal of transient envelope [180]. Furthermore, in
vitro reconstitution studies of TLPs showed that the DLPs require addition of VP4 before VP7

to produce infectious virus [23, 181, 182].

Alterations in the permeability of the plasma membrane of infected cells results in the
release of mature TLPs as well as cellular and viral proteins [10]. Despite host cell lysis, most
DLPs and many TLPs remain associated with the cellular debris [183]. VP4 can remodel
microfilaments through its interaction with actin and lipid rafts, destabilising the brush borders
of cell membranes and facilitating the release of RV from infected cells [184-186]. Although it

is possible that the RV particles are simply trapped by the cytoskeleton.
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Maijor features of the RV replication cycle are detailed in section 1.6. 1. Following attachment, conformational change of VP4 results in internalisation of TLP
by receptor-mediated endocytosis. 2. Uncoating results in the removal of the outer capsid proteins VP4 and VP7 due to low calcium within the endosome,
causing release of DLPs into the cytoplasm. 3. Transcription of (+)RNA. 4. Translation of viral proteins. 5. Replication and packaging of viral proteins into new
DLPs occurs in the viroplasm. 6. DLPs mature into TLPs in rough ER where the outer capsid layer is assembled. 7. The new virion particle is released via

lysis or endocytosis. (Adapted from Crawford et al., 2023 [10] and created with BioRender.com).
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1.7 Prevention of RV disease

1.7.1 Natural protection

Primary RV infection usually occurs during the first year of life resulting in severe
gastroenteritis. The majority of RV infections (>90%) are caused by viruses with the most
common G-types (G1-4, G9 and G12) and P-types (P[4], P[6] and P[8]) [187-189].
Correspondingly, epidemiological studies showed that following a natural infection, children
developed both homotypic and heterotypic immunity [190, 191]. Natural RV infection did not
provide sterilising immunity against re-infections but reduced disease severity due to the
presence of mucosal RV-specific antibodies (IgA) in the gut lumen [192]. Increased titres of
serum RV-specific IgM, IgG and IgA as well as secretory IgA were also observed after infection
and provided a good correlate of protection [193]. However, the level of protection induced by
primary and subsequent re-infections was lower in developing countries than in the developed

world, possibly exacerbated by comorbidities [194-196].

1.7.2 Vaccines

In the 1980s, the initial oral monovalent live-attenuated vaccine (LAV) involved a cell-
culture passaged bovine RV (NCDV strain, G6P[1], RIT 4237) that delivered over 80%
protection against disease in infants and young children in two separate efficacy trials in
Finland [197, 198]. However, initial promising results were not reproduced by trials in several
middle- and low-income countries [199, 200]. Consequently, further work on this vaccine

candidate was not pursued.

The simian RV vaccine (RRV strain, G3P[3], MMU 18006) was studied extensively as
a monovalent Jennerian vaccine candidate in several countries during the late 1980s [201].
Results from efficacy trials were encouraging and it appeared to be more antigenic than the
RIT 4237 vaccine candidate, although in some settings it failed to induce high levels of
protection [202-204]. The reason for this variable protective efficacy was not determined, but
the vaccine appeared to work best against homologous G3 strains and less well against

heterologous strains [205, 206].

Failure of the monovalent RRV vaccine to reproducibly induce high levels of protection
against heterotypic RV strains led to the development of a quadrivalent (RV4) simian RRV-

based vaccine [207]. RV4 incorporated the most important human genotypes at the time (G1
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— G4) genetically coupled to the simian RRV attenuated in human [207]. Due to the segmented
nature of the RV genome, these viruses reassorted at high frequency during mixed infection
[208]. Single human RV gene substitution reassortants were isolated that possessed the
human G1, G2, G4 or simian G3 VP7 genes on a background of 10 simian RV genes and
these were multiplexed to create a quadrivalent RV4 vaccine [209]. Based on several large
successful Phase lll trials the RV4 vaccine was licenced and produced under the name
RotaShield (Wyeth Lederle Vaccines) [210, 211].

During 1998/99 as part of a universal mass vaccination programme, RV4 was
administered to almost 1 million young children in the USA [46]. However, cases of
intussusception (estimated 1:2500) were reported during the first 2 weeks after the first
vaccine dose [212]. This correlated risk led to voluntary discontinuation of vaccine production
by the manufacturer, although it was found that age at vaccination was a confounding factor
in the rare occurrence of intussusception following the RV4 use [213, 214]. Thus, avoiding the
age period (3-4 months through to 9 months) when gut intussusception was most prevalent
and implementing the initial vaccination during the first 2 to 3 months of life might have

substantially reduced or eliminated the risk of intussusception [215].

Following withdrawal of the RV4 vaccine, extensive efforts were made to develop
alternative vaccines that resulted in two separate but parallel approaches.
One such approach involved a monovalent LAV vaccine (RV1) derived from the virulent
human RV isolate 89-12, of serotype G1P[8] [216]. Unlike the Jennerian candidates, this
vaccine candidate was attenuated by serial passage in tissue culture [216]. In a large Phase
[l trial (>60,000 recipients), it provided high levels of protection (>90%) against disease by
homotypic G1P[8] strains and reasonable protection against G heterotypic, P homotypic
G3P[8], G4P[8], and G9P[8] strains [217]. Additionally, RV1 was found to be efficacious
against entirely heterotypic G2P[4] strains, although to a lesser extent [218]. Given the high
level of efficacy and safety profile, RV1 vaccine was manufactured by GlaxoSmithKline under

the trade name Rotarix, and has been licensed for use around the world since 2005 [217].

While Rotarix was under development, a Jennerian bovine RV vaccine was used with
the Wistar calf strain (WC3) G6P[5] as the genetic backbone to create a pentavalent vaccine,
RV5 [219, 220]. Originally, the monovalent WC3 vaccine candidate had demonstrated variable
protective efficacy in several trials from different countries, but it was withdrawn from further
study [221, 222]. Five mono-WC3 reassortants were formulated to incorporate human-derived
isolate VP7 G1-G4 genes and a single human-derived P[8] VP4 gene [223]. This approach
was similar to that taken for the development of RotaShield except that the genetic backbone

was derived from a bovine RV rather than a simian strain. A large Phase Il safety trial that
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included more than 68,000 infants showed high levels of protection (98%) against severe
disease and no risk of intussusception was identified [224]. The pentavalent vaccine named

RotaTeq, manufactured by Merck, was licensed for use throughout the world from 2006.

Several other regional RV vaccines are currently available and alternative vaccine
strategies are being evaluated, such as inactivated virus-like particles and subunit vaccines
[225-228]. Due to an increase in incidence of norovirus-associated diarrhoea in children,

combination RV vaccines are also being trialled [44, 229].

1.7.3 Vaccine efficacy

The RV5 and RV1 vaccines have substantially reduced the disease burden of RV-
associated gastroenteritis in infants and young children worldwide [230, 231]. Phase IV post-
licensure studies in high-income and moderate-income countries confirmed the high efficacy
and safety of the Phase Il trials [232-234]. A substantial decrease in hospitalizations from
gastroenteritis was observed in children of all age groups including those not eligible for

vaccination, suggesting “herd immunity” induced by mass vaccination programmes [235-237].

In contrast to the high effectiveness of RV vaccination in developed countries, in some
middle- and low-income regions, such as India and Sub-Saharan Africa, the vaccine efficacy
was substantially lower (30-50%) [238-240]. Similar to RV1 and RV5, a variety of orally
administered vaccines, such as those targeting polio and some cholera vaccines, performed
less well in poorer countries [196]. The reasons behind the suboptimal performance of the RV
vaccines remain unknown but may include factors such as malnutrition, presence of maternal
antibodies and/or HBGA differences [195, 241]. A very low rate of vaccine associated
intussusception (<1:50,000) is still associated with the two currently licenced vaccines (RV1
and RV5), although the benefits of the vaccine outweigh the risks based on the currently
available data [242-244]. Additionally, the live-attenuated nature of RV1 and RV5 limits their
administration to immunocompromised or prematurely born children due to risk of vaccine-
mediated iliness [245]. LAVs also carry a risk of reassortment with wild-type (WT) human RVs
and there is limited information on protection against heterotypic strains by RV1 and RV5 [246-
248]. Furthermore, human—animal RV reassortants have been detected in human isolates as
certain animal RVs share a neutralization antigen with some human RV strains [249].
However, zoonotic transmission and frequency of human/animal RV reassortment in the field
remains unclear. Despite these drawbacks, since the mortality from RV-associated
gastroenteritis is highest in low-income countries, the World Health Organisation recommends

that all countries routinely vaccinate young children against RV [250].
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Similarly, as RV infects a wide variety of livestock, zoonotic transmission of RVs has
been reported occasionally, posing a risk to humans, as current vaccines may not be able to
protect against novel strains [251-255]. RV infections cause significant economic loss to the
livestock industry due to declines in production and associated treatment costs [256-258]. RV
vaccines are available for cattle, pigs and horses, and are mainly protective against species
A RVs [8, 259, 260]. A major obstacle for the development of a multivalent RV vaccine is that
non-species A RVs are hard to propagate to high titres [261]. Currently available RV vaccines
for animal use rely on immunisation of pregnant animals thereby relying on maternal transfer
of antibodies via colostrum [8, 260]. However, passive immunisation varies and its success
can be affected by the duration of colostrum administration, health status of animal and
previous exposure to RV [260]. Thus, there is a need for development of animal RV vaccines
that are more immunogenic such as subunit vaccines that will negate the need to propagate

non-species A RVs.

The combination of all these factors highlights the need for the development of next-
generation RV vaccines, especially for low- and middle-income countries where RV-
associated mortality remains high. The key challenge in designing a LAV is a means by which
to effectively attenuate virulence to avoid symptomatic disease while retaining strong
immunogenicity [262]. For this reason, current LAVs targeting other pathogens are developed
so that they replicate sufficiently to induce a strong immune response (e.g. FluMist, influenza
viruses), while others require multiple doses and may induce some mild disease (e.g.
MMRVaxPro, measles, mumps and rubella virus) [262]. The recent development of plasmid-
only reverse genetics systems for RVs (see Reverse genetics) has provided a new approach

in engineering next-generation vaccines.

43



1.8 Reverse genetics

The reverse genetics technique permits controlled manipulation of the viral genome to
characterise the importance and functions of viral genetic traits. Reverse genetics of RNA
viruses typically involves manipulation of their genomes at the DNA level, followed by
transfection of plasmid(s) or RNA(s) into cells to produce infectious virus.

The development of a reverse genetics system to artificially engineer and mutate an infectious
RV has proven challenging. These challenges were attributed to inefficient translation of
transcripts from transfected mRNAs or cDNAs, which was often associated with cytotoxic
effects that decreased viral rescue efficiency [46, 263]. Historically, researchers relied on
inefficient and difficult gene reassortment experiments involving co-infection of the same cells
with two parental RV strains to generate viral mutants [208, 209, 264, 265]. However,
reassortant viruses were difficult to generate due to the requirement of laborious strong
selection conditions and/or plaque isolation [266]. Subsequently, various strategies, such as
helper-virus dependent and plasmid-based reverse genetics systems were employed to
generate recombinant RVs to study the function of viral proteins and viral replication in the
context of infection. For other viruses of the Sedoreoviridae family such as orthoreoviruses
[267-269] and orbiviruses [270-272], plasmid- or RNA transcript- based reverse genetics

systems are well established.

1.8.1 Helper-virus-dependent reverse genetics system for RVs

Prior to the development of an efficient plasmid-only reverse genetics system, methods
to rescue recombinant RVs using helper-viruses were reported, some of which are described
below. This strategy was based on the previously developed helper-virus-dependent reverse

genetics system for IAV [273].

The first RV system was based on transfection of cells expressing T7 RNA polymerase
driven by the vaccinia virus (VV) with plasmids encoding the simian VP4 gene [274, 275].
Plasmids were constructed so that the gene was flanked by a T7 polymerase promoter (T7P)
and a hepatitis delta virus (HDV) ribozyme sequence, followed by a T7 RNA polymerase
terminator (T7T). The T7P was used to initiate transcription at a defined guanosine residue
corresponding to the 5’-end of an RV segment whilst self-cleavage of the HDV produced RNA
with the native RV 3’ terminus [274]. Cells were then infected with the human RV KU strain
and the culture supernatant was passaged in MA104 cells in the presence of antibodies that

specifically neutralised VP4 of the KU helper virus [274, 275]. The selective pressure favoured
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the rescue of a recombinant virus containing the VP4 segment of different RV strains in the
backbone of the WT helper virus [274, 275]. However, the rescue efficiency was very low and
limited to segments encoding VP4 and VP7 as these genes were specifically targeted by the
antibodies used [276].

A similar strategy with a different selective pressure technique was used to generate
an infectious RV carrying an exogenous NSP3 segment with a partial head-to-tail duplication
[277]. Sequence duplications have been identified in a variety of RV segments and were
shown to be preferentially packaged into viral progeny over the WT genes [263, 278-281].
Thus, cDNAs containing the rearranged NSP3 gene under T7P were transfected into the cells
and, upon infection with a helper RV and T7 RNA polymerase driven by the VV, the WT
segment was replaced by the partially duplicated one [277]. However, the recombinant RVs

were only recovered after 18 passages, highlighting the inefficiency of this system [277].

Another approach exploited a dual-selection mechanism, or a ‘two-hit’ strategy, to
rescue recombinant RVs with chimeric NSP2 genes [282]. The first selection method involved
the use of temperature-sensitive mutants followed by the use of RNA interference [282]. On
infection of cells expressing a temperature-sensitive helper virus mutant, only the recombinant
RVs carrying the temperature-resistant NSP2 gene were able to grow [282]. The same cells
were simultaneously transfected with an small interfering RNA targeting the NSP2 gene of the
helper virus. This resulted in successful rescue of recombinant RVs, although its low rescue

efficiency restricted its application.

Development of an improved plasmid based reverse genetics system for mammalian
orthoreoviruses showed that orthoreovirus rescue was possible using the engineered baby
hamster kidney (BHK) cell line constitutively expressing T7 RNA polymerase (BHK-T7 cells)
[268]. Subsequently, Johne et al., (2016) generated an avian-mammalian reassortant RV
using the BSR5/T7 cells (synonymous to BHK-T7 cells) eliminating the use of VV as source
of T7 RNA polymerase [283].

Despite the advantage of generating recombinant RVs, the above-described strategies
involved the need of a helper-virus and/or specific-selection systems, highlighting the
limitations for studying particular functions of the viral proteins and incapability for targeted

mutagenesis.
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1.8.2 Plasmid-only reverse genetics system for RVs

In 2017, a breakthrough was made when Kanai et al., (2017) developed a plasmid-
only reverse genetics system for the simian SA11 strain of RV [284]. This system did not
require selection pressure since no helper virus was involved. Based on a previously validated
approach with orthoreoviruses [267, 268], in this system SA11 RV was rescued following co-
transfection of BHK-T7 cells with 14 plasmids [284]. These included 11 plasmids
corresponding to each of the 11 SA11 RV gene segments (designed as described in section
1.8.1) and three polymerase-Il-promoter-driven expression plasmids encoding the Nelson Bay
orthoreovirus fusion-associated small transmembrane (FAST) protein and two subunits of the
VV capping enzyme (D1R and D12L) [284]. FAST proteins are non-structural proteins
encoded by fusogenic members of the Aquareovirus and Orthoreovirus genera of the
Sedoreoviridae family, and promote viral replication and pathogenesis in vivo [285, 286].
Species B RVs encode a FAST homolog whereas species A lack this protein [75]. The aim of
co-expressing FAST was to improve the virus rescue by increasing virus spread through cell-
cell fusion and syncytium formation [285, 286]. The VV capping enzyme was co-expressed as
a mechanism to stabilize the viral (+)ssRNAs produced in the cytoplasm by adding an
authentic 5’ cap thereby increasing the rate of viral protein translation [268, 284]. Following
transfection, BHK-T7 cells were co-cultured with MA104 cells (highly permissive for RV
infection, but poorly transfectable), followed by inoculation of lysates onto fresh MA104 cells

to rescue SA11 viruses [284].

A follow-up study from the same laboratory demonstrated that co-transfection of the
expression plasmids encoding the VV capping enzymes did not provide the additional
advantage as initially expected [65]. Furthermore, the possible toxicity of the FAST proteins
through their potential to promote apoptosis and cell death has limited their use [287]. A further
modification to the system included increasing the quantities of the two plasmids harbouring
the RV NSP2 and NSP5 genes [288]. The increased rescue efficiency observed under these
conditions was likely due to these non-structural proteins being essential for formation of the
viroplasms that are required for virus replication [130]. Accordingly, following transfection of
BHK-T7 cells and co-cultured with CV-1 cells, the rescue efficiency of RVs was greatly
improved [288, 289].

To further enhance the rescue efficiency, Philip et al., (2019) used a different capping
enzyme, NP868R of African swine fever virus (ASFV), fused to the T7 RNA polymerase
together with the 11 RV segments [290]. The use of this fusion plasmid (C3P3-G1) increased
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the capping and stability of the viral transcripts, improving the rescue efficiency of RV and

reovirus [291].

A more recent modification included the use of genetically modified MA104 cells, which
are routinely used to produce and passage infectious RVs. The engineered MA104 cell line
(MA104N*V) stably expressed the N protease of bovine viral diarrhoea virus, targeting
interferon regulatory factor 3 (IRF3) for degradation, and the V protein of parainfluenza virus
5, targeting STAT1 for degradation [292]. As a result, the antiviral innate immune response
was significantly attenuated. This optimized reverse genetics system allowed the recovery of

recombinant simian, human, and murine-like RVs [292].

1.8.3 Application of reverse genetics systems

Using the helper virus-dependent reverse genetics system, Komoto et al., (2011)
generated a recombinant SA11 RV with a polybasic cleavage site in the VP4 gene [293]. The
proteolytic cleavage of VP4 results in conformation changes that mediate viral entry (see 1.6.1
Attachment and cell entry) [40]. Introducing a furin cleavage site in VP4 would allow RV to
undergo multiple rounds of replication without the need of exogenous trypsin, as shown for
IAV [294]. However, the rescued virus had lower replication titres than those of the WT RV

possibly due to disordered conformational changes in VP4.

To investigate the capacity of the RV genome to accommodate additional genetic
information, a dual selection method was used to mutate the SA11 NSP2 gene [295]. The
recombinant RVs had sequence duplications of the NSP2 gene and heterologous sequences
(FLAG tag, the hepatitis C virus type 2 E2 epitope or the cricket paralysis virus IRES) at the
3 UTR [295]. However, the rearranged NSP2 gene containing 400- and 800-nucleotide
duplications failed to rescue, suggesting the presence of cis-acting signals important for RNA

packaging [295].

Following its development, the plasmid-based reverse genetics system has been
utilised to study the role of several non-structural and structural proteins during RV infection.
Initially, Kanai et al., (2017) showed that the C-terminal 103 residues of NSP1 were required
to inhibit the innate immune response by inducing degradation of IRF3 [284]. NSP1 ORF was
further modified to express fluorescent proteins such as NanoLuc-luciferase (N-Luc) and split-
green fluorescent protein (GFP), highlighting its tolerance for large insertions without a
significant effect on RV replication in vitro [284, 296]. In the presence of the porcine

teschovirus-1 2A (P2A) sequence, recombinant RVs were generated carrying fluorescent
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proteins in the NSP1 gene, such as N-Luc, mCherry and enhanced green fluorescent protein
(EGFP) [288]. Presence of the 2A peptide allowed co-expression of two protein products as a
result of ribosomal skipping, therefore lowering the risk of interfering with the function of the
NSP1 gene [297]. The replication-competent RV carrying the N-Luc gene was useful for dose-

dependent screening of antivirals [284].

The optimised plasmid-only reverse genetics system was used to generate a repertoire
of recombinant RVs expressing fluorescent reporter proteins from the NSP3 ORF. The C-
terminus of the NSP3 ORF was fused with one of six fluorescent reporter proteins (UnaG,
mKate, mRuby, TagBFP, CFP, YFP) in the presence of the P2A element [298]. This further
demonstrates the ability of RV to package additional foreign sequences as part of the viral
genome. Indeed, recent studies showed that RVs could be utilised as vaccine vectors by
modifying the NSP3 gene to express different fragments of the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) spike protein (see Chapter 4) [299, 300].

Through reverse genetics, the crucial role of NSP5 hyperphosphorylation for viroplasm
formation was demonstrated following the construction of recombinant RV with a non-
functional transcript of NSP5, grown in an NSP5 trans-complemented cell line [301]. NSP5
phosphorylation was required for the assembly of fully functional and round-shaped
viroplasms, whereas mutants with Ser67Ala mutation assembled spindle like viroplasms and
replicated more slowly than the WT RV [301-303]. In contrast, NSP6, which is expressed from
the +1 ORF of the NSP5 segment, was not essential for virus replication in a cell culture in

this system (see section 1.5 Viral accessory proteins) [65].

With the help of reverse genetics, the NSP1, NSP2, NSP4 and NSP5 genes have also
been modified and incorporated into recombinant RVs in vivo [167]. MA104 cells were
engineered to express CRISPR-Csy4 nuclease fused to NSP5 that upon infection was
recruited to viroplasms and specifically cleaved the (+)ssRNA intermediates during dsRNA
genome replication [167, 304]. As a result, the viral progeny contained transcripts encoding
fluorescent or other tagged reporters, demonstrating that the secondary transcription step

contributed to the overall production of viral proteins in infected cells [167].

Some new functional elements of structural RV proteins were also discovered through
the plasmid-only reverse genetics system. Song et al., (2020) showed that a virus harbouring
mutations in the C-terminal domain of VP3 was attenuated due to the absence of a virulence

domain that could effectively neutralize the RNase L signalling pathway [305]. The study
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highlighted that the VP3 mutants could be further explored as potential next-generation
vaccine candidates for the control of RV infection in humans [305].

In a mouse model, RRV infection results in inflammation and obstruction of the bile ducts, a
condition known as biliary atresia [306, 307]. Studies reported that arginine at position 446 of
the VP4 protein is essential for viral entry and mutation of this residue resulted in significantly
reduced symptoms and mortality in neonatal mice [307]. Thus, the murine model of biliary

atresia could be used to explore the important role of VP4 in viral pathogenesis.

The recent success of the plasmid-only reverse genetics system has opened the
possibility to study functions of RV proteins in more detail, generate stable RV reporter
expression systems and use RV as an expression vector for the development of novel bivalent
vaccines. Reverse genetics has also been used to generate many reassortant viruses
containing genome segments from different species, thus highlighting the importance of this
technique for rapid generation of vaccine candidates in the event of emergence of novel RV

strains of clinical significance.
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1.9 Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

In December 2019, an outbreak of severe pneumonia cases of unknown aetiology was
reported in the city of Wuhan, Hubei province, China [308]. Patients presented with high fever
and difficulty breathing with most of the cases (66%) epidemiologically relating to the Huanan
seafood wholesale market [309]. Following full genome sequencing, the causative agent was
identified as SARS-CoV-2 of the Sarbecovirus subgenus, which was responsible for the
outbreak of the coronavirus disease 2019 (COVID-19) [308]. By February 2020, the virus was
circulating in several continents and on the 11 March 2020, the WHO declared COVID-19 a

pandemic.

Coronaviruses (CoVs) are enveloped viruses containing a large (26—32kb) single-
stranded, (+)RNA genome consisting of 14 ORFs that encode 27 proteins [310]. The CoV
virion comprises the main structural proteins: spike, membrane, envelope and nucleocapsid
[310]. CoVs replicate in the cytoplasm and enter the host cells by either direct fusion of the
viral envelope with the host cell membrane, or by membrane fusion within the endosome after
endocytosis [311]. CoVs of the Alpha- and Betacoronavirus genus (0OC43, HKU1, 229E,
NL63) continuously circulate in the human population and cause mild respiratory infections
[312]. Before SARS-CoV-2, SARS-CoV (2002 — 2003) and Middle Eastern respiratory
syndrome CoV (MERS-CoV) (from 2012) have caused zoonotic infections and epidemics
[313, 314]. Following the outbreak of SARS-CoV, development of preclinical and Phase |
vaccine candidates was stopped as the virus was eradicated from the human population [315-
317]. Until recently, no vaccines against CoVs were licenced for use in humans since they

were considered a low priority.

SARS-CoV-2 was of high priority due to its high transmissibility and mortality affecting
all ages of the population [318]. Following the emergence of COVID-19, antiviral drugs,
monoclonal antibodies and non-pharmaceutical interventions such as physical distancing and
lockdowns were deployed in an attempt to control the spread and impact of SARS-CoV-2. As
the world stood still, researchers worldwide raced to develop an effective vaccine while
medical staff worked tirelessly to save lives. Through prior studies of vaccine development for
animal and human CoVs, the spike glycoprotein of SARS-CoV-2 was identified as the major
antigenic target for neutralising antibodies and vaccine development [319]. As a result, various
vaccine strategies were utilised leading to the development of >180 vaccine candidates [22,
320, 321]. In some cases, the production processes were simply adapted from those of
existing vaccines or vaccine candidates, whilst relying on preclinical and toxicological data

from related vaccines [320].
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To assist with vaccine development research, we pivoted our existing research to
explore the potential of using RV as an expression vector for SARS-CoV-2 spike peptides,

thereby utilising the established RV vaccine platform to deliver a safe and effective vaccine.
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1.10 Aims

The presence of a polycistronic segment 11 in RV species A, as well as the identification
of alternative ORFs in other RV species, led us to hypothesise that transcription is initiated
from alternative AUGs in other RV segments. The recent success of the plasmid-only reverse
genetics system for RVs has led to the discovery of new functions of viral proteins, generation
of reporter and attenuated viruses as well as candidates for next-generation RV vaccines.
Thus, we hypothesised that the precise viral gene manipulation by the reverse genetics

system could help identify potential accessory proteins encoded by the bovine RV strain RF.

> The main aims of this thesis were:

1. To establish a plasmid-only reverse genetics system for the bovine strain RF and compare
the viral characteristics of rescued viruses to the parental isolate and the simian strain SA11
(Chapter 3).

2. Use the established reverse genetics system to express SARS-CoV-2 spike peptides from

the NSP3 gene and test their immunogenicity (Chapter 4).

3. Identify potential accessory proteins encoded by the bovine strain RF genome and analyse

their sequence conservation using bioinformatic analyses (Chapter 5).

4. Investigate the effects of mutation on the expression of identified accessory proteins in the

context of virus rescue and replication in vitro (Chapter 5).
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Chapter 2: Materials and Methods




2.1 Materials

2.1.1 General reagents

General plasticware for molecular experiments and tissue culture was supplied by

Corning Incorporated, VWR, Sarstedt, Greiner Bio-One and Thermo Scientific.

The Roslin Institute Central Services Unit (CSU) prepared and provided distilled water and

phosphate buffered saline (PBS) (Oxoid).

Table 2 Reagents and kits with their respective suppliers and catalogue numbers

Name Supplier Catalogue #
10x Tris/Glycine/SDS Bio-Rad 1610732

1kb DNA Ladder Promega G5711
2-Mercaptoethanol Sigma-Aldrich M3148-25ML
40% acrylamide:bisacrylamide (19:1) Sigma-Aldrich A9926-100ML
4-20% Novex™ Tris-Glycine Mini Protein Gels .

(1 mm) Invitrogen XP04205BOX
Agarose (UltraPure™) Invitrogen 16500500
Bovine Serum Albumin Fraction V Merck 10735086001
Cellulose (colloidal, microcrystalline) Sigma-Aldrich 435244-250G

EasyTag™ EXPRESS*S Protein Labeling

Perkin Elmer

ProtoGel Stacking Buffer

Mix, ST, 2mCi NEG772002MC
Lipofectamine 2000 transfection reagent Invitrogen 11668019
MEGAscript™ T7 Transcription Kit Invitrogen AM1333
MinElute Gel Extraction Kit Qiagen 28604
Monarch® PCR and DNA Cleanup Kit New England Biolabs | T1030S
Neutral Buffered Formalin (NBF) CellPath BAF-0010-10A
Nitrocellulose membrane (0.2 ym) Fisher Scientific 15249794
Nuclease Free Water Qiagen 129114
Precision Plus Protein Dual Color Standard Bio-Rad 1610374
ProLong™ Gold Antifade Mountant Invitrogen P36930
ProtoGel Resolving Buffer Scientific Laboratory NAT1268
Supplies
NAT1270

Scientific Laboratory

Supplies
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Qubit™ dsDNA Broad Range Invitrogen Q32850
Qubit™ RNA Broad Range Invitrogen Q10210
Qubit™ RNA High Sensitivity Invitrogen Q32852
QuikChange Il Site-Directed Mutagenesis Kit Agilent Technologies 200523
RNeasy® Mini Kit Qiagen 74104
Silver Stain Plus Kit Bio-Rad 1610443
Superscript™ 11l First-Strand synthesis super

. Invitrogen 18080044
mix
SYBR DNA gel stain Invitrogen S33102
Tetramethylethylenediamine (TEMED) PanReac AppliChem A1148, 0100
TNT® T7 Coupled Reticulocyte Lysate System | Promega L4610
Toluidine Blue O Sigma-Aldrich 89640-25G
Trypsin from porcine pancreas Type IX-S Sigma-Aldrich T0303-1G
Tween 20 Sigma-Aldrich P9416-100mL
Western Blotting Filter Paper Thermo Scientific 10675935
Whatman Grade 3MM Chr Blotting Paper Scientific Laboratory CHR1130

Supplies

X-ray films Fisher Scientific 10752067
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2.1.2 Enzymes

The following enzymes were used according to manufacturer’s instructions unless

otherwise stated.

Table 3 Enzymes

Enzymes Supplier Catalogue #
DNA restriction enzymes New England Blolabs Various
Promega
Dpnl Agilent Technologies | 200523
GoTag® G2 DNA polymerase Promega M7845
PfuUltra High-Fidelity DNA polymerase | Agilent Technologies | 200523
Platinum™ Taqg polymerase Invitrogen 10966018
Q5® High-Fidelity DNA polymerase New England Biolabs | M0491S
RQ1 RNase-Free DNase Promega M6101
Shrimp Alkaline Phosphatase (rSAP) New England Biolabs | M0371S
T4 DNA ligase Promega M1801

2.1.3 Bacterial cells

Subcloning Efficiency™ DH5a Competent cells

DH10B Competent cells
XL1-Blue Competent cells

Invitrogen (18265017)
Gift from Dr Christine Tait-Burkard
Agilent Technologies (200523)
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2.1.4 Bacterial media

¢ Ampicillin sodium salt Cambridge BioScience (14417-25g-CAY)
(working concentration 100 ug/mL)
e Carbenicillin disodium salt FORMEDIUM LTD (CAR0005)

(working concentration 100 ug/mL)

¢ Kanamycin sulphate salt Scientific Laboratory Supplies (60615-5G)

(working concentration 50 ug/mL)

Luria-Bertani Broth (LB) (Sigma-Aldrich, L3022-1kg), Luria-Bertani agar (LA) (Miller)
(FORMEDIUM, LMMO0202) and Hanahan’s Super Optimal Broth (SOB) (Sigma-Aldrich,
H8032-500g) were prepared and provided by the Roslin Institute CSU according to the

following recipes:

e LB: 10 g/L tryptone, 5 g/L yeast extract, 5 g/L sodium chloride, pH 7.0.

o LA: 10 g/L tryptone, 5 g/L yeast extract, 5 g/L sodium chloride, 15 g/L agar pH 7.0.

e SOB: 0.186 g/L potassium chloride, 2.4 g/L magnesium sulphate, 0.5 g/L sodium
chloride, 20 g/L tryptone, 5 g/L yeast extract, pH 7.0.
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2.1.5 Mammalian cell lines

Table 4 Mammalian cell lines

Cell line Source Reference
Baby hamster kidney fibroblasts Gift from Professor Massimo (Buchholz et
(BHK-21 cells) clone BSR-T7 Palmarini (MRC-University of Glasgow | al., 1999)
expressing T7 RNA polymerase Centre for Virus Research, UK) [322]

African Green monkey kidney
epithelial (MA104) cells

Gift from Professor Richard Randall
(University of St Andrews, UK)

Human Embryonic Kidney 293T

American Type Culture Collection

(DuBridge et

cells, containing SV40 T-antigen al., 1987)
(ATCC)
(HEK293T) [323]
2.1.6 Cell culture reagents
Table 5 Cell culture reagents
Name Supplier Catalogue #
Dulbecco’s Modified Eagle Medium _ )
Sigma-Aldrich D5796
(DMEM)
Foetal Bovine Serum (FBS) Gibco
Scientific Laboratory
Geneticin (G-418 solution) ) 4727878001
Supplies
Glasgow’s Minimum Essential Medium
Gibco G5154-500ML
(GMEM)
IntestiCult™ Organoid Growth Medium )
STEMCELL Technologies 06005
(Mouse)
L-Glutamine Sigma-Aldrich 59202C-100ML
) ] Scientific Laboratory
Corning® Matrigel ) 354234
Supplies
Opti-MEM reduced serum medium Gibco 11058021
Penicillin/Streptomycin solution (10,000
Gibco 15140122
U/mL)
Tryptose phosphate broth Life Technologies 18050039

0.25% Trypsin-EDTA

Gibco

T3924-100ML
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2.1.7 Drugs and inhibitors

e MG-132 (10 mM in DMSO) Sigma-Aldrich (M7449-200pL)

¢ ROCK pathway inhibitor Cambridge Biosciences (Y-27632)

e Galunisertib Cambridge Biosciences (LY2157299)
e p38 inhibitor Enzo Life Sciences (SB202190)

2.1.8 Cell culture media composition

e Complete medium: DMEM supplemented with 10% (v/v) heat-inactivated FBS and 1%
(v/v) Penicillin/Streptomycin.

e Serum free medium (SFM): DMEM supplemented with 1% (v/v)
Penicillin/Streptomycin.

e Virus growth medium (VGM): DMEM supplemented with 1% (v/v)
Penicillin/Streptomycin and 0.5 ug/mL porcine pancreatic trypsin type 1X.

e Organoid Growth Medium: IntestiCult™ Organoid Growth Medium supplemented with
10 uM ROCK pathway inhibitor, 10 uM Galunisertib and 55 nM p38 inhibitor.
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2.1.9 Antibodies and dyes

Table 6 Primary antibodies

Host
Name Clonality . Dilution | Application | Supplier Catalogue #
species
Anti-Rotavirus
Monoclonal | Mouse 1:1000 | WB, IF Abcam ab181695
VP6 [A2], IgG2b
Alpha-Tubulin, Novus
Monoclonal | Rat . ) NB600-506
lgG2a Biologicals
1:5000
Anti-beta Actin,
0G Polyclonal Rabbit WB Abcam ab8227
g
Takara Bio
Anti-GFP (JL8) | Monoclonal | Mouse 1:1000 632381
Europe
Table 7 Secondary antibodies
Name Conjugate Dilution | Application | Supplier | Catalogue #
Donkey anti-mouse | Alexa Fluor® _
1:1000 IF Invitrogen | A-21202
IgG (H+L) 488
Donkey anti-mouse | IRDye®
926-32212
IgG (H+L) 800CW
Goat anti-rat IgG IRDye®
1:10,000 | WB LI-COR 926-68029
(H+L) 680RD
Goat anti-rabbit IgG
IRDye® 680LT 926-68071
(H+L)
Table 8 Fluorescent dyes
Name Dilution | Application | Supplier | Catalogue #
DAPI (Nucleus) 1:5000 D3571
Hoechst (Nucleus) | 1:5000 | IF Invitrogen | H3570
Phalloidin (F-actin) | 1:100 A12379
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2.1.10 General buffers and homemade gels

The following buffers and gels were prepared in-house:

1X SDS-PAGE running buffer: 256 mM Tris-HCI, 192 mM glycine, 0.1% (w/v) SDS, pH
8.3.

Protein transfer buffer: 25 mM Tris-HCI, 192 mM glycine, 20% (v/v) methanol.

Gel fixing solution: 50% (v/v) methanol, 10% (v/v) acetic acid.

Washing buffer: Tris-buffered saline (20 mM Tris-HCI, 150 mM NaCl, pH 7.6) / 0.1%
(v/v) Tween 20 (TBS-T).

Blocking buffer: TBS-T, 5% (w/v) skimmed milk.

Antibody diluent: 5% BSA/TBS-T.

Tris-borate-EDTA (TBE) buffer: 89 mM Tris-borate, 2 mM EDTA, pH 8.3.

2X Laemmli sample buffer: 65.8 mM Tris-HCI [pH 6.8], 100 mM DTT [pH 6.8], 2.1%
sodium dodecy! sulphate (SDS), 26.3% (w/v) glycerol, 0.01% bromophenol blue.
Calcium manganese-based (CCMB) buffer: 10 mM potassium acetate, 10% (v/v)
glycerol, 80 mM CaClz, 20 mM MnCl., 10 mM MgCl,, pH 6.4.

10% resolving polyacrylamide gel: 3.3 mL 40% acrylamide:bisacrylamide (19:1), 2.5
mL 4X resolving buffer, 4.2 mL water, 100 yL 10% (w/v) Ammonium persulfate, 10 yL
TEMED.

4% stacking polyacrylamide gel: 1.3 mL 40% acrylamide:bisacrylamide (19:1), 2.5 mL
4X stacking buffer, 6.2 mL water, 50 yL 10% (w/v) Ammonium persulfate, 10 pL
TEMED.

Tris-acetate EDTA (TAE) buffer was prepared and supplied by the Roslin Institute CSU

according to the following recipe:

TAE buffer: 40 mM Tris, 20 mM acetic acid, 1 mM EDTA.
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2.1.11 Plasmids

SA11 pT7 plasmids were constructed by Takeshi Kobayashi [284] and were purchased

from Addgene with the corresponding ID numbers listed in Table 9.

Table 9 SA11 RV plasmids

Gene Plasmid Name Addgene ID#
VP1 pT7-VP1SA11 #89162
VP2 pT7-VP2SA11 #89163
VP3 pT7-VP3SA11 #89164
VP4 pT7-VP4SA11 #89165
VP6 pT7-VP6SA11 #89166
VP7 pT7-VP7SA11 #89167
NSP1 pT7-NSP1SA11 #89168
NSP2 pT7-NSP1SA11 #89169
NSP3 pT7-NSP1SA11 #89170
NSP4 pT7-NSP1SA11 #89171
NSP5 pT7-NSP1SA11 #89172

Eleven RF T7 plasmids were constructed to express the individual full-length RF gene
segments flanked by the T7 promoter and HDV ribozyme, followed by the T7 RNA polymerase
terminator sequences. The constructs were synthesised by Invitrogen GeneArt using either
pMK-RQ (KanR), pMA-RQ (AmpR) or pMA-T (AmpR) vectors. Plasmids were transformed
into chemically competent E.coli DH5a or DH10f cells (section 2.2.8) and purified using the

QIAGEN® Plasmid Midi Kit according to the manufacturer’s protocol (section 2.2.9).

2.1.12 Viruses

The Bovine RV strain RF (G6P6[1]) was a kind gift from Dr Ulrich Desselberger,

University of Cambridge.
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2.1.13 Oligonucleotides

Table 10 Oligonucleotides used for sequencing of plasmids and viruses

pEGFP-N1_REV

GGACCGGTGCAACTGACATCAGCATTTCAATTGAA

Primer Name Sequence (5" - 3) Application

RF_FW_VP1whole GACATGCTAGCCAATATGA

RF_REV_VP1whole CTGGATAACTCTAGCATCA Sequence RF_VP1 gene
RFVP1_FW_whole#2 GGAAGGAGAGATGTACCAGGA

T7_FW_sequencing TAATACGACTCACTATAGG Sequence 5’ end of all RF plasmids
HDV_REV TAGCCATCCGAGTGGACGA Sequence 3’ end of all RF plasmids
pEGFP-N1_FW GGGCTAGCGGCTATTAAAGCTATACAATGGGG

Clone VP1 amplicon into pEGFP-N1

SARS_CoV2_RFNSP3_FW

GCTTTTCAGTGGTTGATGCT

SARS_CoV2_RFNSP3_REV

TCATAGAGGGTCATGTGAAG

Sequence RF_NSP3 mutant viruses

63



Table 11 Oligonucleotides used for site-directed mutagenesis of RF_VP1

Primer Name

Mutated nucleotide (amino acid change)

Sequence (5’ - 3’)

RF_VP1_F_406_ATG - CTG

RF_VP1_R_406_ATG-CTG

A406C (M130L)

TGATTCATTGCTGGATCCAGC

GCTGGATCCAGCAATGAATCA

RF_VP1_F_454 ATG-CTG

RF_VP1_R 454 ATG-CTG

A454C (M146L)

AAATGCAGTTCTGTTCTGGTTG

CAACCAGAACAGAACTGCATTT

RF_VP1_F_604 ATG-CTG

RF_VP1_R 604 _ATG-CTG

A604C (M196L)

ATATGAAGTACTGAAAGATAAGCCG

CGGCTTATCTTTCAGTACTTCATAT

RF_VP1_F 655 ATG-CTG

RF_VP1_R 655 ATG-CTG

AB55C (M213L)

CTTCAATTGAACTGCTGATGTCA

TGACATCAGCAGTTCAATTGAAG

RF_VP1_F_406_ATG - GTG

RF_VP1_R_406_ATG - GTG

A406G (M130V)

TGATTCATTGGTGGATCCAGC

GCTGGATCCACCAATGAATCA

RF_VP1_F_454 ATG-GTG

RF_VP1_R 454 ATG-GTG

A454G (M146V)

AAATGCAGTTGTGTTCTGGTTG

CAACCAGAACACAACTGCATTT

RF_VP1_FW_196_ATG - CTG

RF_VP1_REV_196_ATG - CTG

A196C (M66L)

TAGCGATGTTCTGGAGAATGC

GCATTCTCCAGAACATCGCTA

FW_T30G_stop _codon_RF_VP1

REV_T30G_stop_codon RF_VP1

Introducing stop codon after canonical AUG

TGGGGAAGTAGAATCTAATCTTG

CAAGATTAGATTCTACTTCCCCA
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2.2 Molecular techniques

2.2.1 Polymerase Chain Reaction (PCR)

PCR was used for cloning, colony screening and sequencing. Different size fragments
were amplified using primers listed in Table 10. PCR reactions were set up according to the
manufacturer’s protocol and carried out in a T100™ Thermocycler (Bio-Rad).

Each 25 uL PCR reaction included: 1X reaction buffer (1.5 - 2 mM MgCl;), 10 uM of
each primer, 10 mM dNTP mix and 1.25 units of either Q5® High-Fidelity or GoTaq® G2 DNA
Polymerase. PCR conditions for Q5® High-Fidelity DNA polymerase included an initial
denaturing step of 30 sec at 98°C, followed by 30 cycles of 10 sec at 98°C, 21 sec at 65°C
and 30 sec at 72°C (20-30 sec/kb), finishing with a 2 min incubation at 72°C. PCR conditions
for GoTagq® G2 DNA Polymerase included a 2 min denaturing step at 94°C, followed by 30
cycles of 18 sec at 94°C, 21 sec at 50°C and 1 min at 72°C (1 min/kb), finishing with a 5 min
incubation at 72°C. The PCR product length was confirmed by 0.8-1% (w/v) agarose gel

electrophoresis (section 2.2.3).

2.2.2 Site-directed mutagenesis

Primers for site-directed mutagenesis were designed using New England Biolabs
NEBaseChanger online tool (htips://nebasechangervi.neb.com/) with the following
parameters: primer length 18-24 bp, 40-60% GC content, T, of 50-65°C, start and end with

1-2 G/C pairs. Self-dimerization, hairpin formation and self-annealing of the primer pairs was

checked using an online oligonucleotide properties calculator

http://biotools.nubic.northwestern.edu/OligoCalc.html  [324]. Primers purified by high

performance liquid chromatography were ordered from Integrated DNA technologies or Merck.

Site-directed mutagenesis was performed on the RF VP1 plasmid using the
QuikChange Il Site-Directed Mutagenesis Kit with primers listed in Table 11 according to the
manufacturer’s instructions but using half volume reactions. A 25 pL reaction mix contained:
2.5 pyL 10X Reaction Buffer, 50 ng of DNA template, 0.6 pL (10 uM) of each primer, 0.5 pL
dNTP mix, 0.5 L PfuUltra High-Fidelity DNA polymerase made up to 25 pL with H.O. Thermal
cycling parameters were: 2 min denaturing at 95°C, followed by 18 cycles of 30 sec denaturing
at 95°C, 1 min primer annealing at 55°C, 6 min elongation at 68°C, with final 10 min elongation
at 68°C.

PCR products were digested using 1 L of Dpnl restriction enzyme to remove parental
methylated DNA. Products were visualised using gel electrophoresis (section 2.2.3) before

transformation into competent E.coli cells (section 2.2.8).
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2.2.3 Gel electrophoresis

Gel electrophoresis was used to separate DNA on agarose gels at final concentrations
between 0.8 — 1%. Agarose was dissolved in 1X TAE buffer and 1X SYBR Safe DNA Gel
Stain was added to cooled molten agarose. Agarose was poured into a gel tray containing
well combs and left to solidify. DNA samples (plasmid DNA = 200 ng each, PCR = 5 pL of
reaction) were mixed with DNA loading dye (1X final concentration) and loaded into the set
gel alongside a 1kb DNA Ladder. Gels were run at 100V for 30 min, visualised using the
Odyssey® XF imaging system (LI-COR) and analysed with Image Studio™ Lite software (LI-
COR).

2.2.4 Cloning

PCR amplicons or 3 ug of plasmid DNA were digested using 1 unit of restriction
enzyme. Enzymatic reactions were prepared according to the manufacturer’s protocol using
an appropriate buffer and incubation temperature, and digested for at least 3 hr. To prevent
religation of linearised plasmids, 1 unit of rSAP enzyme was added to the mixture to
dephosphorylate the 5’ and 3’ ends of DNA for the duration of digestion according to the
manufacturer’s protocol. Digested products were purified using the Monarch® PCR and DNA
clean-up kit (section 2.2.5) and ligation reactions were set up with the T4 DNA ligase enzyme
according to the manufacturer’s protocol. The ligation reaction mix included: 100 ng of
linearised vector DNA, insert DNA at a molar ratio of 3:1 (insert:vector), 1X ligase buffer and
1 unit of T4 DNA ligase enzyme in a total volume of 10 yL. The reaction mixes were left
overnight at 16°C before 3 pL of the ligation reaction was transformed into in-house made

DH5a E.coli strain competent cells (section 2.2.8).

2.2.5 DNA and PCR clean-up

PCR amplicons or restriction digested DNA fragments were purified using the
Monarch® PCR and DNA clean-up kit according to the manufacturer’s protocol. DNA was
eluted in 10 pL nuclease free water and purified DNA was quantified and checked for purity

by spectrophotometer (DeNovix, DS-11 FX).

2.2.6 DNA extraction from agarose gels

PCR amplicons or digested plasmid DNA fragments (insert or vector) were separated
by gel electrophoresis (section 2.2.3), visualised with a UV transilluminator and excised with

a scalpel. DNA was extracted from agarose gel using the MinElute Gel Extraction Kit according
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to the manufacturer's protocol. Gel slices were dissolved at 50°C for 10 min in a buffer
containing a pH indicator that allows easy determination of the optimal pH for DNA binding.
The solution was applied to the MinElute spin column containing the silica-gel membrane
which binds nucleic acids under high-salt conditions provided by the buffer. Impurities were
washed away by an ethanol-based wash buffer according to manufacturer’s instructions and
DNA was eluted in 10 uL nuclease free water. DNA concentration and purity were assessed

by spectrophotometer (DeNovix, DS-11 FX).

2.2.7 Preparation of chemically competent bacterial cells

DH5a strains of competent E.coli cells were plated on an antibiotic free agar plate and
grown overnight at 37°C. One colony was inoculated into 150 mL of antibiotic free LB and
grown overnight in a 37°C shaker (180 rpm). Overnight culture was diluted 1:100 in either
SOB or LB (600 uL into 60 mL) and incubated in a 37°C shaker for a further 3 hr until ODsso
reached ~0.3. OD was read in duplicate using 100 pL of culture in a CLARIOstar plate reader
(BMG Labtech). After a 10 min incubation on ice, bacterial cells were harvested by
centrifugation at 2857 x g for 10 min at 4°C. Cell pellets were resuspended in either cold sterile
CCMB (SOB cultures) or 100 mM CaCl, with 15% glycerol (LB cultures) in 4 of the initial
volume (15 mL). Following a 2 hr incubation on ice, bacterial cells were pelleted as before and
resuspended again in either cold sterile CCMB (SOB cultures) or 100 mM CaCl; with 15%
glycerol (LB cultures) this time in 1/12 of the starting volume (5 mL). 100 pL cell suspensions
were aliquoted into prechilled Eppendorf tubes, snap frozen using a methanol-dry ice bath and

stored at -80°C. Cells were tested for transformation competency before use (section 2.2.8).

2.2.8 Bacterial transformation

Commercial (XL1-Blue competent cells) or in-house DH5a or DH103 competent cells
were used for transformation with plasmid DNA. Briefly, 250 ng of plasmid DNA or 1 pL of site-
directed mutagenesis product was mixed with 50 uL of competent cells and incubated on ice
for 30 min. Cells were heat shocked for 45 sec at 42°C to facilitate the uptake of DNA by the
bacteria, followed by a 2 min incubation on ice. 250 pL of pre-warmed SOB (without antibiotic)
was added to cells and incubated for 1 hr in a 37°C shaker (180 rpm) allowing bacteria to
recover and grow. Cells were then plated onto the appropriate antibiotic selection agar plates
using a sterile spreader and incubated at 37°C overnight. Single colonies were selected and

grown in LB containing the appropriate antibiotic overnight in a 37°C shaker (180 rpm).
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2.2.9 Plasmid DNA extraction and quantification

Plasmid DNA was prepared using the QIAGEN plasmid purification kits (mini-prep or
midi-prep) according to the manufacturer’s protocol. Small-scale plasmid DNA purification was
prepared from 3 mL of overnight E.coli cultures (mini-prep), whereas for the larger-scale
plasmid DNA purification 50 mL of overnight cultures were used (midi-prep). DNA
concentration was determined using the Qubit™ DNA Broad Range kit according to the
manufacturer’s protocol. Purity of the DNA was assessed by spectrophotometer (DeNovix,
DS-11 FX) through analysis of the Azso/Azso and Agso/Azso ratios which indicate possible

contamination with proteins, chaotropic salts or non-ionic detergents.

2.2.10 DNA sequencing

Following plasmid DNA purification, cloning, site-directed mutagenesis or PCR, DNA
was sent for Sanger sequencing at Genewiz (Germany). In a total volume of between 10-20
uL, plasmid (30-100 ng/uL) or PCR amplicons (10-50 ng/uL) were sequenced with primers
designed to target the specific region as listed in Table 10. Sequencing results were analysed
in SSE v1.3 software [325].
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2.3 Cell culture

2.3.1 Subculturing of cell lines

MA104 and HEK293T cells were cultured in DMEM supplemented with heat
inactivated 10% FBS and 1% penicillin-streptomycin. BSR-T7 cells were cultured in GMEM
supplemented with 1% tryptose phosphate broth, heat inactivated 10% FBS, 1% L-glutamine
and 1% penicillin-streptomycin. At every fifth passage, the G-418 selection drug (1 mg/mL)
was added to BSR-T7 cell media.

Subculturing of all cell lines was performed twice a week and cells were maintained at
37°C, 5% CO.. Following removal of the complete medium, adherent cells were washed with
PBS and incubated with 0.25% Trypsin-EDTA at 37°C, 5% CO_ until cells detached from flask
(5 mL PBS and 3 mL trypsin for 75 cm? flasks; 10 mL PBS and 5 mL trypsin for 175 cm?
flasks). Trypsin was inactivated by adding fresh complete medium and a fraction of the cell
suspension was transferred to a clean flask containing fresh complete medium (total volumes:
14 mL for 75 cm? and 25 mL for 175 cm?).

2.3.2 Cell counting

Cell concentration was calculated using the Neubauer improved haemocytometer
counting chamber (Hawksley). Cell suspension was mixed with 0.4% trypan blue at a 1:1 ratio
and 10 yL was applied to the haemocytometer, filing one side of the chamber underneath the
glass coverslip. Using a light microscope, the number of live cells (unstained) were counted
in each set of 16 squares (four sets in total) with a 10X objective. The number of viable cells/mL
in the original cell suspension was calculated using the following formula: average cell count

from four sets of 16 squares x dilution factor x 10,000.

2.3.3 Plasmid transfection of mammalian cells

At 70-80% confluency, HEK293T cells in a 24-well plate were transfected with plasmid
DNA using the Lipofectamine 2000 reagent according to the manufacturer’s protocol. 500 ng
of plasmid DNA and 1 uL of Lipofectamine reagent were separately diluted in 50 yL Opti-
MEM™. After a 5 min incubation at room temperature, diluted mixes were combined and
incubated for a further 25 min. During this time, complete cell culture medium was changed to
Opti-MEM™ (200 uL/well). The transfection mix was added to cells dropwise and cells were
incubated for 48 hr at 37°C, 5% CO.. Following the 48 hr incubation, supernatant was removed
and lysates harvested in 100 yL 2X Laemmli buffer were used to analyse protein expression

by western blotting (section 2.5.2).
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2.4 Virus rescue, titration and growth

2.4.1 Virus rescue using reverse genetics

Viruses were rescued using protocols described by Kanai et al., (2017) [284] and
Komoto et al., (2018) [288] with slight modifications. At 70% confluency, BSR-T7 cells in 6-
well plates were transfected with 11 plasmids each corresponding to one RV genome segment
(2.5 ug for plasmids encoding NSP2 and NSP5; 0.8 ug for the remaining plasmids) along with
plasmids encoding two VV capping enzyme subunits (pCAG-D1R and pCAG-D12L - 0.8 ug
each) using 16 uL Lipofectamine 2000 per transfection reaction in a total volume of 200 uL of
Opti-MEM. After 24 hr incubation at 37°C 5% CO,, transfected cells were co-cultured with
MA104 cells (1x10° cells/well) for three days in VGM. Co-cultured cells were then lysed three
times by freeze/thaw and lysates were incubated for 30 min at 37°C 5% CO. with porcine
pancreatic trypsin type IX at a final concentration of 10 ug/mL. Lysates were added to fresh
confluent MA104 cells in 25 cm? flasks and incubated at 37°C 5% CO, for 1 hr. After
adsorption, MA104 cells were washed with SFM and cultured in VGM for up to seven days or
until complete cytopathic effect (CPE) was observed. When CPE was observed, cells were
lysed three times by freeze/thaw, cellular debris was precipitated by centrifugation at 2737 x
g for 30 min at 4°C and virus containing supernatants (P1 stocks) were aliquoted and stored

at -80°C then titrated by plaque assay (section 2.4.2).

2.4.2 Virus titration by plaque assay

MA104 cells were seeded in 12-well (1x10° cells/well) or 6-well plates (3x10° cells/well)
using 1-2 mL of complete medium and incubated overnight at 37°C 5% CO,. Confluent
monolayers of MA104 cells were washed with SFM and infected with 400 pL (12-well plates)
or 800 uL (6-well plates) of ten-fold serially diluted virus for 1 hr at 37°C 5% CO.. Following
virus adsorption, 1 mL/well (12-well plates) or 2 mL/well (6-well plates) overlay medium was
added (1:1 ratio of 2.4% cellulose and VGM) and incubated undisturbed for three (SA11 RV)
or four (RF RV) days. Cells were fixed with 1 mL/well of 10% NBF for 1 hr and stained with
0.1% Toluidine blue (dissolved in H2O) for 1 hr. The plaque-forming unit (PFU) was calculated

according to the formula below:

Average nhumber of plaques
= PFU/mL

Dilution factor x Volume of diluted virus (mL)
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2.4.3 Measurement of plaque diameter

Plaque assay plates were scanned using an Epson Perfection V750 Pro Scanner at a
resolution of 1200 dpi. In Photoshop v24.5.0, images were converted to greyscale and a level
4 posterisation was applied to each image. The area of 40 plaques per virus rescue was

measured using ImagedJ analysis software.

2.4.4 Viral RNA extraction, RT-PCR and sequencing

RNA was purified from P1 viral stocks using the spin protocol of the QlAamp Viral RNA
Kit followed by RQ1 RNase-Free DNase treatment to remove possible DNA contamination
according to the manufacturer’s protocol. The extracted RNA was dissolved in 30 yL nuclease-
free water and stored at -80°C.

cDNA was synthesised with Superscript™ |ll First-Strand synthesis super mix
containing SuperScript™ Il Reverse Transcriptase using 5 yL RNA and 1 yL random hexamer
primers (10 uM) according to the manufacturer’s protocol.

PCR reactions were set up to amplify the gene of interest using primers listed in Table
10 and carried out according to the manufacturer’s instructions in a T100™ Thermal Cycler
(Bio-Rad). Each 25 pL PCR reaction included: 1X PCR buffer (-MgClz), 1.5 mM MgCl. (DNA-
free), 0.2 M of each primer, 0.2 mM dNTP mix and 1.25 units of Platinum™ Taq DNA
polymerase. PCR conditions included an initial denaturing step of 5 min at 95°C, followed by
30-35 cycles of 30 sec at 95°C, 30 sec at 55°C and 2 min at 72°C, finishing with a 5 min
incubation at 72°C. The PCR product length was confirmed by 0.8% (w/v) agarose gel
electrophoresis (section 2.2.3). PCR product was sent for sequencing at Genewiz (Germany)

using primers listed in Table 10.

2.4.5 Multi-cycle viral growth kinetics

Confluent monolayers of MA104 cells in 24-well plates were infected in technical
triplicate with viruses at an MOI of 0.03 PFU/cell (low MOI) in 500 uL SFM. After 1 hr incubation
at 37°C, 5% CO. (which allowed virus attachment to the cells) the inoculum was removed,
cells were washed with SFM and 500 pL of fresh VGM was added to each well. Immediately
thereafter, supernatant from one well was harvested (1 hour post infection (hpi)) to provide a
measurement for the amount of residual input virus. At different times post infection,
supernatants were harvested and stored at -80°C until titrated by plaque assay (section
2.4.2).
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2.4.6 Electrophoretic analysis of dsRNA

Virions were purified from RF RV stocks using ultracentrifugation as described
previously [82]. Briefly, 25 mL of clarified RV stock was pelleted through a buffered 25% (w/v)
sucrose cushion (100 mM NaCl, 10 mM Tris-HCI [pH 7], 1 mM EDTA) using a SW32Ti rotor
in a Beckman Coulter Optima Max-E ultracentrifuge at 106,750 x g for 135 min at 4°C. Viral
pellets were resuspended in 350 pL of RLT buffer containing 3.5 yL 2-Mercaptoethanol and
dsRNA was extracted using the RNeasy® Mini Kit according to the manufacturer’s protocol.
Purified RNA was eluted in 30 pL nuclease free water and 8 pL of RNA was then treated with
RQ1 RNase-Free DNase to remove possible DNA contamination according to manufacturer’s
protocol.

Extracted dsRNA was resolved according to size using 5% urea polyacrylamide gels in
1X TBE buffer. Gels were fixed in gel fixing solution and RNA was visualised using the Silver
Stain Plus Kit according to the manufacturer’s instructions. Gels were dried onto Whatman

Grade 3MM blotting paper and imaged using a Samsung Xpress C480FW scanner.
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2.5 Protein detection

2.5.1 SDS-PAGE

Proteins were separated by molecular mass using SDS-PAGE on 4-20% Novex™ Tris-
Glycine Mini Protein Gels (1 mm).

Lysate samples were mixed with 2X Laemmli buffer and boiled at 95°C for 10 min,
vortexed and briefly centrifuged at 16,602 x g. Each lane was loaded with 5-15 uL of lysate
and 5 uL of the Precision Plus Protein Dual Color Standard as a guide for protein size. Gels
were initially run at a constant voltage of 80V for 20-30 min for proteins to pass through the

stacking gel after which the voltage was increased to 100V for the desired length of time.

2.5.2 Western blotting

Following SDS-PAGE (section 2.5.1), proteins were transferred onto a 0.2 pm
nitrocellulose membrane by wet transfer using an in-house made protein transfer buffer
(section 2.1.10). Membranes were blocked with 5% milk in TBS-T for 1 hr at room
temperature followed by three 5 min washes with TBS-T. Membranes were then probed with
primary antibodies (Table 6) diluted in 5% BSA/TBS-T overnight at 4°C with agitation. After
three 5 min washes with TBS-T, membranes were incubated for 1 hr at room temperature with
secondary antibodies diluted in TBS-T (Table 7). Following three 5 min washes with TBS-T,
membranes were imaged using Odyssey ® XF imaging system (LI-COR). Analysis was

performed with Image Studio™ Lite software (LI-COR).
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2.6 Radioactive isotope experiments

2.6.1 In vitro transcription and translation

Coupled in vitro transcription and translation reactions were carried out using the
Promega TnT® Coupled Reticulate Lysate System supplemented with radioactive %S protein
labelling mix according to the manufacturer’s protocol. Briefly, reactions were set up as
follows: 8 uL TnT mix, 1 uCi 3°S protein labelling mix, 200 ng plasmid DNA, made up to 10 uL
with H,O. Mixes were prepared on ice before reactions were incubated at 30°C for 90 min.
The reactions were denatured in 2X Laemmli buffer and boiled for 10 min at 95°C. Samples

were analysed using SDS-PAGE (section 2.5.1) and autoradiography (section 2.6.2).

2.6.2 Autoradiography of dried polyacrylamide gels

SDS-PAGE was performed as described in section 2.5.1 using homemade gels
prepared according to the recipes in section 2.1.10. Polyacrylamide gels were cast using 1
mm spacer plates with appropriate short plates and a Bio-Rad casting apparatus. The
resolving gel was made using ProtoGel buffer according to the manufacturer’s protocol with
varying concentration of 40% acrylamide:bisacrylamide (19:1) depending on the size of the
target product. Stacking gels were always cast at 4%. Gels were fixed in gel fixing solution
(section 2.1.10) on a rocker for 45 min with the gel fixing solution being replaced every 15
min. Fixed gels were placed onto Whatman Grade 3MM blotting paper, covered with cling film
and dried in a gel dryer (Model 543, Bio-Rad) by heating up to 80°C for 2 hr under vacuum
pressure. Dried gels were placed in a sealed cassette with an X-ray film overnight. X-ray films
were developed using an Optimax® 2010 NDT automated X-ray film processor (PROTEC)

following the manufacturer’s protocol.
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2.7 Bovine enteroids

2.7.1 Infection of bovine enteroids

Infection of organoids was carried out as described by Derricott et al., (2019) [326],
with modifications. Basal-out three dimensional (3D) bovine organoids were mechanically
disrupted into multicellular fragments using a p200 pipette to expose the apical surface of the
cells in 80% of the enteroids. The sheared enteroids were diluted to the appropriate
concentration in organoid growth medium aliquoted into 15 mL falcon tubes. The enteroid
fragment suspension was infected with rescued RF (rRF) at an MOI of 10 (high MOI) and
incubated for 1 hr at 37°C 5% CO.. After 1 hr, enteroid/virus suspension was centrifuged at
40 x g for 2 min and washed five times by replacing the supernatant with equal volumes of
fresh IntestiCult™ (depending on the volume of virus used). Following washes, the enteroid
pellet was resuspended in the appropriate volume of IntestiCult™ (depending on the volume
of virus used) and plated at 500 yL onto a Corning® Matrigel coated pre-warmed 24-well plate
in the presence and absence of coverslips. After 1 hr, 24 hr and 48 hr post infection,
supernatant was collected for plaque assays while the cell lysates were used to test different

parameters such as mechanical disruption and freeze/thaw.

2.7.2 Immunofluorescent staining of bovine enteroids

Enteroids were grown on coverslips in 24-well plates and infected with rRF and rSA11
at an MOI of 10. After 24 hr, enteroids were fixed with 4% paraformaldehyde for 1.5 hr at 4°C
with agitation. Following three washes with PBS, enteroids were permeabilised with 0.5%
Triton-X100 in PBS for 15 min and then blocked with 2% horse serum in PBS for 1 hr.
Enteroids were incubated with primary antibodies (Table 6) overnight at 4°C with agitation.
After 24 hr, enteroids were washed three times with PBS and incubated with secondary
antibodies (Table 7) and phalloidin (Table 8). All antibodies were diluted in 2% horse
serum/PBS. Enteroids were then washed with PBS three times with the addition of DAPI
(Table 8) for the final 10 min. Coverslips were rinsed in water and mounted onto microscope
slides with ProLong™ Gold Antifade Mountant and imaged using a Zeiss LSM 710 confocal
microscope at x630 magnification. Images were analysed using the Zen Black software and

processed using Photoshop v24.5.0.
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2.8 Bioinformatic analyses

Bioinformatic analyses were performed in collaboration with Dr Samantha Lycett (The
Roslin Institute, University of Edinburgh) and Mr Marius Diebold. VP1 nucleotide sequences
were downloaded from the National Center for Biotechnology Information Viral Genome
resource [327] and aligned using the SSE v1.3 software [325]. Poor quality and incomplete
sequences were disregarded. AUG codon preservation and their respective Kozak context
[328] was analysed using R scripts, results from which were further analysed in Microsoft
Excel. Initial and final R scripts were written by Dr Samantha Lycett and Mr Marius Diebold

respectively (Appendix A, section 8.1).

2.9 Statistical analysis

GraphPad Prism v9 was used for all statistical analyses. Data are presented as mean
and standard deviation from three independent experiments unless otherwise stated. Specific
statistical tests were selected for different analyses and are detailed in each figure legend. P

values were denoted as follows:

e p-value > 0.05 - non-significant (ns)

o p-value < 0.05 — significant

2.10 Structural modelling

The previously resolved structure of RV polymerase was obtained from the RCSB
Protein Data Bank (references: 60GY and 60GZ) [107]. Protein predictions for rRF, M130
and M146 mutants were performed in collaboration with Dr Barbara Shih (Lancaster
University) using Alpha fold [329] with specific parameters detailed in Appendix B, section
8.2. All protein models were analysed and visualised using PyMOL (https://pymol.org/2/) [330].
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Chapter 3: Establishing a reverse
genetics system for the bovine
rotavirus strain RF




3.1 Background and Aims

A reverse genetics system is an important technique for studying virus replication and
pathogenesis through direct and controlled manipulation of the viral genome. RNA viruses,
such as IAV and SARS-CoV-2, have been extensively investigated using the reverse genetics
approach which has led to discovery of new functions of viral proteins as well as development

of new vaccines [331, 332].

Previously, functional analysis of RV genes relied on the isolation of natural variants
and reassortants, synthetic RNA transcripts, or helper-virus dependent reverse genetics
systems [263, 274, 277, 282, 295]. In 2017, based on a previously validated approach with
orthoreoviruses, Kanai et al., (2017) developed an entirely plasmid-based reverse genetics
system for the simian RV strain SA11 [267, 268, 284]. Since then, there have been several
reports of modifications and improvements to the original protocol, enabling rescue of different
RV strains. To date, these include simian strains (SA11 G3P[2] and RRV G3P[3]), human
strains (KU G1P[8], Odelia G4P[8] and CDC-9 G1P[8]) and murine strain D6/2 [284, 289, 292,
333]. The availability of reverse genetics systems for different strains will help to validate and

compare any observed phenotypic change arising as a result of gene manipulation.

Utilizing the optimised 11-plasmid system reported by Komoto et al., (2018) [288], this
chapter aimed to establish an analogous plasmid-only reverse genetics system for the bovine
RV strain RF. This is advantageous as one of the currently licenced vaccines against RV,
RotaTeq, utilises a bovine RV backbone reassorted with different human strains [334].
Sequence alignment and analysis of RV gene segment 4 (VP4) was performed to compare
the cell culture adapted RF strain to the original RF clinical isolate and to the bovine strain
WC3 used in the RotaTeq vaccine (Figure 3.1 and Table 12) [335, 336]. Despite being cell
culture adapted, RF displayed high homology to the original clinical isolate, whilst sharing a
lower identity and similarity to the WC3 strain at nucleotide and amino acid levels (Figure 3.1
and Table 12). Nonetheless, the RF strain is well characterised, grows easily in culture and
has been used as a prototype to study RV pathogenesis in vitro. Additionally, a reverse
genetics system for the bovine strain will be a more biologically relevant model for

understanding RV pathogenesis in livestock.
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Figure 3.1 Amino acid alignment of RV gene segment 4 (VP4).
Alignment of the cell culture adapted bovine RV strain RF, the RF clinical isolate and the bovine strain used in the RotaTeq vaccine (GenBank accession
numbers: KF729650.1, U65924.1 and AY050271.1 respectively). Amino acid residues conserved in all sequences are in black and mismatched residues are
highlighted in pink. Width of the alignment is broken down into 100 amino acids per row. Alignment was generated with the Clustal Omega Alignment program
and displayed using the MView tool from EMBL-EBI [335, 336]. Percentage coverage (cov) and percent identity (pid) of every sequence with respect to the
refence sequence (Cell_culture_adapted_bovine_RV_strain_ RF_(G6P6[1]) is shown. Identity was normalised by aligned length.
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Table 12 Percentage identity and similarity for RV gene segment 4 (VP4)
The cell culture adapted bovine RF strain was compared to the RF clinical isolate and to the bovine strain used in the RotaTeq vaccine. Percentage identity
and similarity at nucleotide (nt) and amino acid (aa) levels are shown. Analysis was performed using the Sequence Manipulation Suite program [337] on aligned
sequences generated with the Clustal Omega Alignment program [335].

Gene |Encoded| Length Subiect sequence Target sequences % nt % nt % aa % aa
segment | protein | (bp | aa) ) q g q identity |similarity | identity | similarity
RF clinical isolate
, 64.14 71.30 100 100
4 VP4 | 2362|776 | Cell culture adapted bovine | (Strain_RVA/Cow/France/RF/1975/G6P6[1])
strain RF (G6P6[1]) RotaTe
q
(strain_RVA/Cow/USAWC3/1981/GeP7[5])) | °+15 | 6626 | 73.20 | 83.76
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3.2 Results

3.2.1 Generation of the bovine RV strain RF from cloned cDNA

To establish a reverse genetics system for the bovine RF strain of RV, individual RF
gene constructs were designed using complete segment sequences downloaded from the
National Centre for Biotechnology Information (NCBI) [263] (for accession numbers see Table
1). Each gene segment was flanked by the sequences of the T7 RNA polymerase promoter
(T7P) and the antigenomic hepatitis delta virus (HDV) ribozyme followed by the T7 RNA
polymerase terminator (T7T), as carried out previously for the SA11 constructs (Figure 3.2A)
[284]. Thus, transcription of the resulting vector would generate full length viral (+) single
stranded RNA (ssRNA) transcripts containing native viral 5’ and 3’ ends [338]. These custom
constructs were synthesised by Invitrogen GeneArt using either pMA or pMK plasmid
backbones. As a positive control for the reverse genetics, plasmids representing the 11 dsRNA
gene segments from SA11 were purchased from Addgene. To ensure that the plasmids
contained gene segments of the correct size, 11 plasmids for each RV strain were resolved
on an agarose gel according to plasmid size in descending order (Figure 3.2B and C).
Synthesis of each RF gene segment was further verified by Sanger sequencing (data not

shown).
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Figure 3.2 Construct design of the bovine RF strain RV for reverse genetics.

(A) Schematic of a plasmid encoding the bovine RF gene (not to scale). Agarose gel of
11 plasmids corresponding to each gene segment of SA11 (B) and RF (C) RVs. The size
of each plasmid and a 1kb DNA ladder (in bp) are shown.
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To rescue the bovine RF strain of RV, we utilised a combination of the previously
published reverse genetics protocols described by Kanai et al., (2017) and Komoto et al.,
(2018) with slight modifications [284, 288]. BSR-T7 cells were transfected with 11 plasmids
corresponding to each RV genome segment, with increased amounts of plasmids carrying the
NSP2 and NSP5 genes (2.5 ug each, compared with 0.8 pug each for the remaining 9 plasmids)
(Figure 3.3). Previous studies have shown that RNA transcripts could be efficiently capped by
the vaccinia virus (VV) capping enzyme, thereby increasing viral translation [267, 268, 274,
277, 282]. To test whether the virus recovery would benefit from the VV capping enzyme,
plasmids encoding the two subunits of the VV capping enzyme (D1R and D12L) [339, 340]
were trialled in this protocol (Figure 3.3). Following overnight incubation, transfected cells were
co-cultured with MA104 cells for three days in the presence of trypsin. Co-cultured cells were
then lysed three times by freeze/thaw and passage zero (P0O) virus stock was amplified on
fresh MA104 cells to generate passage one (P1) stock. A cytopathic effect (CPE) was
observed in MA104 cells suggesting recovery of RF RV (rRF), with no CPE seen in negative
control (designated “mock”) in which only 10 of the 11 plasmids were used. SA11 RV was
rescued in parallel as a positive control (rSA11). RF rescue was performed in six independent
experiments, three of which included the VV capping enzyme, and the virus stock (P1) was
titred by plaque assay (Figure 3.4A). The cell-culture adapted bovine RF strain isolate (RF
C3E2), was plaqued in triplicate and was used as a positive control. As expected, the mock
sample did not produce detectable levels of virus (the limit of detection was 12 PFU/mL)
(Figure 3.4A). rRF had comparable titres to RF C3E2 and rSA11 with an average titre of 108
PFU/mL. Co-expression of the VV capping enzyme did not affect the viral titres or rescue

efficiency.

Virus spread was characterised by assessing the plaque morphology. MA104 cells
were infected with 10-fold serial dilutions of P1 stocks from three different rescues and
incubated under a semi-solid overlay medium. Plates were scanned and cell-absent areas
were calculated in Imaged. RF C3E2 displayed the largest plagues ranging from approximately
1 mm to 8 mm in diameter (Figure 3.4B and C). In contrast, rescued viruses produced
significantly smaller plaques. No difference in plaque phenotype was seen between rRF in the
absence and presence of VV. However, in the presence of VV, rRF had significantly smaller
plagues than rSA11, possibly suggesting the difference in viral replication between strains
(Figure 3.4C).

To compare the replication kinetics of the rRF to RF C3E2 and rSA11, multicycle
infections were performed in MA104 cells at a low multiplicity of infection (MOI) of 0.03 (Figure

3.4D). Samples were collected at several times post infection and titred by plaque assay. No
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virus was detected in mock infected controls. At 16 hours post infection (hpi), rRF displayed
significantly lower titres compared to RF C3E2. All viruses showed similar kinetics, with the
titres of rRF being approximately log1o lower at each time point, and endpoint titres reaching
108 PFU/mL (Figure 3.4D).

Overall, this data demonstrates that the RF strain was successfully rescued from
cloned cDNAs using plasmid only-based reverse genetics system and grew efficiently in

cultured cells.
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with BioRender.com).
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(A) Viral stocks (P1) were titred by plaque assay on MA104 cells. Mock samples were included
for each strain. RF C3E2 was used as a positive control. Data are mean + SD (n=3). Statistical
annotations are the result of a one-way ANOVA test. Multiple comparison tests were performed
between each viral strain. NS: Non-significant. Dashed line represents detection threshold.
Samples with and without VV are shown. (B) Plaque phenotype of rescued viruses with
corresponding mock samples. (C) Violin plot of plaque size distribution for each virus. A minimum
of 40 plaques were measured for each virus from three independent experiments. Each dot
represents a plaque. Statistic annotations are the result of a Welch ANOVA test with Holm’s
adjustment. ****p-value < 0.0001, ***p-value < 0.001. The mean values are shown. (D) Multi-step
growth curves of viruses. MA104 cells were infected at an MOI of 0.03 and samples were collected
at the indicated hours post infection. Mock line represents detection threshold. Statistic
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3.2.2 Expression of heterologous peptides by rRF NSP3 gene

To exclude the possibility of contamination of rRF by the native RF C3E2 strain, a small
tag of eight amino acids corresponding to ‘SIINFEKL’ was introduced into the C-terminus of
rRF NSP3. Previous studies have successfully utilised SA11 NSP3 to express exogenous
peptides generating genetically stable recombinant RVs [290, 298, 299]. In this study, rRF
NSP3 was tagged with a SIINFEKL peptide in the presence or absence of Thosea asigna virus
2A (T2A) peptide (Figure 3.5A). During translation, the failure of peptide bond formation
between ‘PG’ and ‘P’ residues in the conserved sequence at the C-terminus of 2A peptides
results in production of two proteins [297]. Thus, the T2A sequence was employed in order to
lower the risk of the SIINFEKL tag interfering with the function of the NSP3 gene. However,
increasing the segment size by incorporating the T2A peptide could negatively affect the virus
rescue and/or packaging, so both approaches were trialled. Tagged viruses were assigned
the following notations: SIIN for virus without intervening T2A and T2A_SIIN for virus that had

an additional 18 amino acids coding for the T2A peptide.

Rescue of RF and tagged viruses was performed in two independent experiments, one
of which included the VV capping enzyme. P1 virus stocks were titred by plaque assay on
MA104 cells (Figure 3.5B). Mock infected samples did not produce detectable levels of virus
(the limit of detection was 12 PFU/mL). The titre of T2A_SIIN virus was lower than that of rRF,
while the SIIN virus replicated to an average titre of 10’ PFU/mL. Notably, the observed

decrease in the titre was possibly due to the presence of the T2A peptide.

Subsequently, comparison of plaque morphology between the tagged viruses and rRF
was carried out. MA104 cells were infected with 10-fold serial dilutions of P1 stocks from two
different rescues and the cell-absent areas were measured in ImagedJ. Tagged viruses
produced small plaques in the presence and in the absence of VV, with the T2A_SIIN plaques
being barely visible in absence of VV (Figure 3.5C). These observations were confirmed by
quantification of the plaque size, which showed that, in contrast to rRF, tagged viruses
produced smaller plaques ranging between ~0.25-2 mm in size (Figure 3.5D). The VV had no
effect on the plaque phenotype of rRF, although the diameter of individual plaques was

variable (~0.5-4 mm).

To examine the effect of SIINFEKL peptide insertion on RF infectivity, multicycle
infections were performed in MA104 cells at a low MOI of 0.03 (Figure 3.5E). Samples were

collected at several times post infection and titred by plaque assay. No virus was detected in

87



mock infected controls. Although all viruses displayed similar overall kinetics, the replication

efficiency of tagged viruses was slightly lower than that of rRF.

To confirm that the tagged viruses contained the expected combination of gene
segments, isolated viral dsSRNA was resolved on a urea gel and visualised by silver staining.
With the exception of gene segment 7 (NSP3), the dsRNA migration patterns were
indistinguishable between viruses (Figure 3.6A, segment 7 highlighted in red). Although the
lane containing the mock sample broke off from the main gel during drying, only a faint
background signal was detected in this sample. The genome profile of SIIN and T2A_SIIN
showed that the gene segment 7 migrated as expected, corresponding to its increased size
as a result of peptide insertion (Figure 3.6B). Additionally, sequencing of the viral RNA from
P3 stocks revealed the expected peptide insertion in segment 7, confirming the plasmid origin

of these tagged viruses (Figure 3.6C-D).

Based on these results, the established reverse genetics system for RF allowed

efficient rescue of recombinant viruses harbouring heterologous peptides in the NSP3 gene.
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3.2.3 Susceptibility of bovine enteroids to rRF infection

To explore the feasibility of using a more physiologically representative model for
bovine RV infection, three dimensional (3D) bovine enteroids were infected with rRF at a high
MOI of ~10 for 24 hr and stained with anti-VP6 antibody (Figure 3.7A). Following 1 hr of
adsorption, organoids were thoroughly washed to remove residual virus particles and
subsequently embedded in Matrigel for an additional 23 hr. As expected, no signal was
detected in mock-infected samples. Secondary only control appeared as mock (data not
shown). At 24 hpi, positive staining for VP6 was predominantly observed in the organoid lumen
comprising differentiated intestinal epithelial cells, around the nucleus and in puncta
surrounding the nucleus. No RV-positive cells were present in the intestinal crypt. This is
consistent with previous findings that in vivo, RV preferentially infect mature enterocytes at
the tips of intestinal villi [84, 89].

Laboratory strain SA11 RV has been used as an experimental model for in vitro and
in vivo studies of RV pathogenesis, and so the bovine enteroids were also tested for their
susceptibility to infection with rSA11 (Figure 3.7B). A faint background VP6 signal was
detected in the rSA11 mock sample. In contrast to DAPI staining of other samples, the
individual nuclei in the rSA11 mock were not as defined due to the use of a different plane of
view image. Similarly to rRF, expression of VP6 was present around the nuclei of cells located
within the organoid lumen and in the punctate cytoplasmic inclusion bodies. Additionally, some
VP6 staining appeared where no nuclei were present, possibly representing free virus particles

released by dead cells or residual inoculum (Figure 3.7B, white arrowhead in bottom panel).
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Figure 3.7 Bovine enteroids infected with rRF and rSA11 viruses.

3D bovine enteroids were infected with rRF (A) and rSA11 (B) viruses, with corresponding mocks
at an approximate MOI of 10 PFU per cell and fixed at 24 hpi. Cells were stained for RV VP86,
phalloidin (F-actin detection) and DAPI (nuclear stain). Scale bar represents 10um. White
arrowhead in (B), bottom panel, represents free virus particles or residual inoculum.
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To assess whether the bovine enteroids supported viral replication, rRF was used to
carry out a small pilot study to test the effect of different variables. The effect of adding trypsin
was trialled first, as proteolytic cleavage of VP4 is required for membrane interactions and
efficient RV infectivity [40, 341]. Bovine enteroids were infected with rRF at high MOI of ~10
PFU/cell in the presence and/or absence of trypsin for 48 hr. Following adsorption and
washing to remove unbound residual virus, virus present in the supernatant at 1, 24 and 48
hpi was titred by plaque assay on MA104 cells (Figure 3.8A). No virus was detected in mock-
infected samples at each time point (limit of detection was 12 PFU/mL). In the absence of
trypsin, after 1 hpi the virus reached an end point titre of 10* PFU/mL indicating the slow
release of the inoculum. In contrast, in the presence of trypsin no change in the viral titre was
observed throughout the 48 hr suggesting no effect of trypsin on the viral replication. These

data demonstrate that rRF failed to replicate and produce infectious virions in organoids.

Next, production of infectious progeny was further analysed by mechanically disrupting
or lysing the infected bovine enteroids. Following infection with rRF at high MOI of ~10
PFU/cell for 48 hr, virus present in organoids at 1, 24 and 48 hpi was harvested by either
freeze/thaw or using a cell disruptor. Released virus was titred by plaque assay on MA104
cells (Figure 3.8B). A log1o increase in the titre was seen between 1 and 24 hpi when the
enteroids were lysed by freeze/thaw, although by 48 hpi the titre dipped. In contrast, virus

obtained through mechanical disruption of enteroids had consistently higher titres throughout.
Together, these data suggest that the bovine enteroids were susceptible to infection

by both rRF and rSA11, but did not support the production of infectious virus progeny in any

of the trialled conditions.
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Figure 3.8 Effect of different variables on rRF replication in bovine enteroids.

3D bovine enteroids were infected with rRF at an approximate MOI of 10 PFU per cell for
48 hr. Samples were collected at indicated times post infection and titred by plaque assay
on MA104 cells. Effect of trypsin on viral titres in (A) and mechanical disruption versus
lysis of organoids in (B). Data are the mean + SEM from two technical experiments.
Dashed line represents detection threshold.
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3.3 Discussion

In this chapter, a plasmid-based reverse genetics system was established for the
bovine RV strain RF. The simian strain SA11 was rescued in parallel as a validation of the
previously published optimized 11-plasmid reverse genetics system. Viral characteristics of

rRF were subsequently compared to RF C3E2 isolate and rSA11.

The effectiveness of co-expressing the VV capping enzyme in a T7 RNA polymerase
system has previously been demonstrated for viruses of the Sedoreoviridae family and for
hepatitis E virus [267, 268, 284, 342]. Furthermore, another RNA-capping enzyme derived
from African swine fever virus (NP868R) or (C3P3-G1) increased the rescue efficiency of
simian, human and murine RVs [290, 292]. However, use of plasmids encoding the two
subunits of the VV capping enzyme did not provide an additional advantage for RF rescue as
anticipated (Figure 3.4A). This supports previous research where co-transfection of two
plasmids was not essential for RV rescue [65]. Addition of the VV capping enzyme may be
beneficial for future studies involving generation of RV reassortants between strains which are

difficult to rescue.

Although the panel of viruses displayed similar overall kinetics, the replication
efficiency of rRF was slightly lower than RF C3E2 and rSA11 (Figure 3.4D). This also
correlated with the production of significantly smaller plaques (Figure 3.4B-C). Presence of
defective viral genomes (DVGs) has previously been suggested to affect viral titres, packaging
and replication [343-346]. Some viruses of the Sedoreoviridae family were able to package
non-canonical segments resulting in gene recombination that contributed to generation of
DVGs [263, 280, 344, 347]. Additionally, serially passaging tissue culture-adapted bovine RV
at high MOI has been shown to generate viruses with abnormal genome profiles [279]. For
RVs, most reported gene recombination events occurred as a result of head-to-tail
duplications (concatemers) resulting in longer segments being packaged [67, 80, 278, 347].
Increased levels of DVGs can reduce the production of viral proteins and outcompete the full-
length genomes for incorporation into virions thereby producing defective interfering particles
(DIPs) [348]. Additionally, accumulation of DVGs within the cell can stimulate pattern
recognition receptors leading to upregulation of interferon stimulating genes, which in turn can
inhibit viral replication and/or virion production [349-352]. Thus, a heterogeneous population
of virions comprising DVGs could explain the observed reduced viral replication and small

plague phenotype of rRF.
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Small DVGs exhibit a replicative advantage by retaining their replication and packaging
signals [348]. However, in the absence of a standard virus, DVGs are replication incompetent
as they require trans-complementation provided by the full-length genomes that facilitate
replication and packaging into non-infectious DIPs [348]. It is possible that the observed mixed
plaque morphology of RF C3E2 and rSA11 (Figure 3.4B and C) could be attributed to acquired
compensatory mutations or reversion to WT, which could also explain a more efficient
replication of RF C3E2 and rSA11 (Figure 3.4D). Future studies could test for the presence of
mutations in rescued viruses by viral plaque purification and subsequent full genome
sequencing. Experiments involving segment specific RT-PCR or RNA deep-sequencing would

also enable detection of DIPs in viral progeny.

Subsequently, the reverse genetics system for RF was utilised to engineer viruses
harbouring foreign peptides in gene segment 7 (encoding NSP3). Previous studies showed
that SA11 NSP3 can accommodate large insertions of heterologous peptides generating
genetically stable recombinant RVs [290, 298, 299]. As a proof of concept that the RF NSP3
could also be tagged, a small octapeptide the ‘SIINFEKL’ was used in this study (Figure 3.5A).
Many viruses utilise 2A elements to generate multiple proteins from a single ORF including
species C RVs where translation of its NSP3 gives rise to two products [76, 353]. Introduction
of the T2A element, additional 18 amino acids, upstream of the ‘SIINFEKL’ peptide revealed
that RF NSP3 could also accommodate extra genetic material. Although the viral titres and
replication of tagged viruses were comparable to rRF, these viruses displayed significantly
smaller plaques (Figure 3.5B-E). The same phenotype was observed for recombinant SA11
RV and RRV expressing fluorescent reporter proteins such as UnaG and fBFP [290, 298]. It
is worth noting that UnaG and fBFP were larger (139 and 233 amino acids respectively) than
the small tag (8 amino acids) used here. The small plaque phenotype could also be explained
by an impaired function of NSP3, although this was not assessed in this study. Presence of
the C-terminal tag could impact the ability of NSP3 to efficiently disrupt the elF4AG-PABP
complex, thereby reducing the translation of RV proteins [121, 354]. Thus, the reduction of
viral protein synthesis could result in decrease of viral progeny. Although no obvious defect in
packaging was observed (Figure 3.6A), follow up studies detecting production of viral proteins

could provide insight into the functions of NSP3.

In contrast, Montero et al., (2006) showed that blocking NSP3 synthesis increased the
yield of viral progeny which correlated with increased synthesis of dsRNA [355]. However, this
effect was observed with the RRV strain, while our data originated from RF, which could
potentially explain the discrepancy between the two studies. Furthermore, the 3’ end of RRV

NSP3 differs from the canonical 3 GACC of RF NSP3 [356].
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Previous studies have demonstrated that shutdown of host protein synthesis through
phosphorylation of elF4E by the Semliki Forest virus resulted in synthesis of defective
ribosomal products (DRIiPs) [357]. It is plausible that the mutated NSP3 contributed to the
synthesis of DRIiPs thereby reducing the production of viral proteins. Thus, the accumulation
of DRIiPs in the viral progeny could trigger cellular innate immune responses [352] and inhibit

viral infectivity as demonstrated by small plaques (Figure 3.5C-D).

The SIINFEKL peptide has previously been used to evaluate the effect of DRiPs on
immunosurveillance [358-361]. By introducing SIINFEKL at the C-terminus of IAV gene
segment 7, Yang et al., (2016) showed that IAV DRiPs were generated by cytoplasmic non-
canonical translation which contributed to antiviral CD8+ T cell immunosurveillance [362].
Hickman et al., (2018) found that the translation of the negative strand, tagged with SIINFEKL,
could contribute to DRIP formation and was shown to activate OT-I T cells in vitro and in vivo
[363]. Thus, these tagged viruses could serve as a useful tool for future studies of T-cell
mediated immunity to RV infection. Due to the lack of a specific antibody, detection of

SIINFEKL was not carried out in this study but could be investigated in the future.

Intestinal organ-like 3D culture systems aim to recapitulate the complex nature and
functions of the gut [364]. Both organoids and enteroids have been utilised to study an array
of enteric pathogens including human, simian and porcine RVs [89, 365-367]. However,
recently developed 3D organoid models of bovine intestinal epithelium have not yet been
explored to study RV infection. Therefore, 3D basal-out bovine enteroids established by
Hamilton et al., (2018) [368] and further characterised by Blake et al., (2022) [369], were tested
to examine their susceptibility to infection by rRF and rSA11. Although VP6 expression was
detected following infection with rRF and rSA11, rRF failed to replicate in this system (Figure
3.7 and Figure 3.8). VP6 is a component of a non-infectious DLP, thus it does not accurately
represent production of infectious viral progeny [143]. Due to the lack of antibodies, detection
of proteins comprising infectious TLPs, such as VP4 and/or VP7, was not assessed in the
present study. Staining for specific cell types known to reside in the intestinal crypt, such as
Lgr5+ stem cells and Ki67+ proliferative cells [369], could further confirm the localisation of
RV virions. Previous work with human intestinal organoids demonstrated that addition of
pancreatin and bovine trypsin increased the number of RRV-positive cells [365, 366]. Due to
restrictions in organoids availability, different trypsin concentrations and types were not

optimised here, but could be assessed in the future.

Upon infection, a drop in Ca?* concentration leads to dissociation of VP4 and VP7 from

TLPs, releasing transcriptionally active DLPs into the cytoplasm [181]. Studies have shown
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that RV infection induces intracellular calcium waves through adenosine 5'-diphosphate
signalling [370]. In human enteroids, inhibition of the calcium/calmodulin-dependent kinase
kinase-B signalling pathway significantly reduces the production of infectious virions [168,
371]. Thus, studies exploring the effects of varying the Ca?* concentration may allow further

insights into rRF infectivity of bovine enteroids.

Another challenge in working with enteroids is the access to the apical/luminal side
where the VP6 expression was mainly detected (Figure 3.7). Several methods have been
used to gain access to the interior of enclosed 3D structures including luminal microinjection
or mechanical disruption [368, 372]. Additionally, enteroids could be plated as monolayers,
allowing a more controlled access to both apical and basolateral surfaces [366, 368]. Directed
differentiation of stem cell lines into intestinal-like tissues have also been established and used
to study RV infection [365, 373]. Due to resource availability, microinjection proved to be too
labour intensive for the scope of this study and was therefore not included. Nonetheless,
neither the mechanical disruption nor lysis of organoids resulted in successful replication of

rRF in this system (Figure 3.8).

Overall, the methods presented here require optimisation and further characterisation
of the bovine enteroids is essential to enhance the reliability of their infection with rRF. As a
result, for the reasons stated above and due to data limitations, the results from this section
are inconclusive and require further analysis. For future work, it may be beneficial to utilise

freshly isolated RVs since both strains used in this study are heavily cell-culture adapted.

The results of this chapter show that the RF strain of RV was successfully rescued
using a reverse genetics system. Data presented here demonstrate that RF NSP3 could be
used for expression of heterologous peptides (subject of Chapter 4). Rescued viruses
expressing the SIINFEKL peptide could be utilised to study alternative translation initiation
events (subject of Chapter 5) as well as T-cell immunity to RV infection in mice. Although in
vitro cell culture models have provided important insights into RV pathogenesis, they do not
capture the complex architecture and cellular heterogeneity present in the intestinal
epithelium. Additionally, the current cell models allow only a limited humber of well-adapted
laboratory strains to be used for experimental research. By identifying optimal culturing
conditions of bovine enteroids this model could serve as a valuable tool for studying livestock
pathogens, expanding upon the limitations of current cell models and reducing the need for

large animal models.
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4.1 Background

SARS-CoV-2, the virus responsible for the COVID-19 pandemic, is the third
documented coronavirus associated with zoonotic transmission from animal reservoirs in the
last two decades [374, 375]. The high morbidity and mortality caused by the virus resulted in
several different platforms being utilised for the development of vaccines against COVID-19
[376]. The spike glycoprotein of SARS-CoV-2 was identified as a strong antigenic target based
on preclinical studies of vaccines against SARS-CoV and MERS-CoV [377-379]. Specifically,
the RBD of the spike protein was able to induce neutralising antibodies and T-cell mediated
responses, preventing its interaction with the angiotensin converting enzyme 2 (ACEZ2)
receptor on host cells thereby blocking infection [319, 380]. Thus, the SARS-CoV-2 vaccine
candidates that entered Phase Il clinical trials expressed either the full length spike protein or

the RBD peptide delivered as a protein subunit, RNA molecule or by viral vectors [320, 376].

At the beginning of the COVID-19 pandemic, early vaccine clinical trials excluded
vulnerable groups such as children, pregnant women and immunocompromised individuals
[320]. Although overall hospitalisation and mortality rates were lower in children than in adults,
a high proportion of asymptomatic SARS-CoV-2 infections were reported in children [381,
382]. Notably, children under the age of five carried higher viral loads in the nasopharynx than
older children and adults [383-385]. Studies showed that asymptomatic children contributed
to SARS-CoV-2 transmission in people who were most at risk from COVID-19 [386]. However,
paediatric studies have highlighted that COVID-19-associated deaths in children occurred
more frequently in low- and middle-income countries, with case fatality rates exacerbated by
health care disparities, poverty and comorbidities [387]. Additionally, vaccine efficacy and
accessibility in developing countries was a challenge [388]. Immunisation efforts were

therefore needed to target this vulnerable population.

One of the proposed strategies was to introduce COVID-19 vaccines into the existing
childhood vaccination programmes. Among the vaccines routinely administered to children in
many countries, both developed and developing, are those targeting RV. The pentavalent live-
attenuated RV vaccine, RotaTeq, comprises bovine backbone reassorted with the most
prevalent human serotypes [334]. RotaTeq is administered orally and induces a strong
mucosal immune response with production of neutralising IgA and IgG antibodies [224].
Similarly, orally delivered SARS-CoV-2 vaccines could elicit secretory IgA responses not only
to protect the upper respiratory tract but also the intestine, which was shown to be a viral target
[389-391]. The ACE2 receptor is highly expressed in the brush border of intestinal epithelium

and multiple studies have reported gastrointestinal tract infections by SARS-CoV-2,
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suggesting a potential for faecal-oral transmission [391-393]. Previous reports showed that
crosstalk between different mucosae sites exists and that immunisation at a single mucosal
site results in generation of antigen-specific IgA antibodies at a heterologous site such as the
respiratory tract [394, 395]. Based on these considerations, this study aimed to explore the
potential of utilising RV as a vaccine vector to express SARS-CoV-2 spike epitopes to induce
a robust mucosal immune response. Additionally, using the RV bovine backbone would
circumvent the issue of pre-existing immunity against the vector. Thus, RV-spike chimeric
vaccine could be produced using the established vaccine pipeline to deliver a safe and easily

accessible thermostable vaccine.

4.2 Aims of the study

i) To generate recombinant RVs expressing SARS-CoV-2 spike epitopes.
ii) Validate immunogenicity of SARS-CoV-2 peptides using spike antibodies.
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ABSTRACT Species A rotavirus (RVA) vaccines based on live attenuated viruses are
used worldwide in humans. The recent establishment of a reverse genetics system for
rotoviruses (RVs) has opened the possibility of engineering chimeric viruses expressing
heterologous peptides from other viral or microbial species in order to develop polyva-
lent vaccines. We tested the feasibility of this concept by two approaches. First, we
inserted short SARS-CoV-2 spike peptides into the hypervariable region of the simian
RV SA11 strain viral protein (VP) 4. Second, we fused the receptor binding domain
(RBD) of the SARS-CoV-2 spike protein, or the shorter receptor binding motif (RBM)
nested within the RBD, to the C terminus of nonstructural protein {NSP) 3 of the bovine
RV RF strain, with or without an intervening Thosea asigna virus 2A (T2A) peptide.
Mutating the hypervariable region of SA11 VP4 impeded viral replication, and for these
mutants, no cross-reactivity with spike antibodies was detected. To rescue NSP3
mutants, we established a plasmid-based reverse genetics system for the bovine RV RF
strain. Except for the RBD mutant that demonstrated a rescue defect, all NSP3 mutants
delivered endpoint infectivity titers and exhibited replication kinetics comparable to
that of the wild-type virus. In ELISAs, cell lysates of an NSP3 mutant expressing the
RBD peptide showed cross-reactivity with a SARS-CoV-2 RBD antibody. 3D bovine gut
enteroids were susceptible to infection by all NSP3 mutants, but cross-reactivity with
SARS-CoV-2 RBD antibody was only detected for the RBM mutant. The tolerance of
large SARS-CoV-2 peptide insertions at the C terminus of NSP3 in the presence of T2A
element highlights the potential of this approach for the development of vaccine vec-
tors targeting multiple enteric pathogens simultaneously.

IMPORTANCE We explored the use of rotaviruses (RVs) to express heterologous pep-

tides, using SARS-CoV-2 as an example. Small SARS-CoV-2 peptide insertions (<34

aming acids) into the hypervariable region of the viral protein 4 (VP4) of RV SA11

strain resulted in reduced viral titer and replication, demonstrating a limited tolerance

for peptide insertions at this site. To test the RV RF strain for its tolerance for peptide

insertions, we constructed a reverse genetics system. NSP3 was C-terminally tagged

with SARS-CoV-2 spike peptides of up to 193 amino acids in length. With a T2A-sepa-

rated 193 amino acid tag on NSP3, there was no significant effect on the viral rescue Editor Tom Gallagher, Loyola University
efficiency, endpoint titer, and replication kinetics. Tagged NSP3 elicited cross-reactivity Chicago
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with SARS-CoV-2 spike antibodies in ELISA. We highlight the potential for develop- STt o

Microbiology. All Rights Reserved.
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significant economic impact on livestock production as a result of the high morbidity
and mortality caused 4-7). Two human live attenuated RV vaccines, Rotarix and
RotaTeq, have proven effective in reducing the indidence of RV-related hospitalization
and mortality internationally (2, 8-10). Vaccination strategies for livestock rely on
induction of active or passive immunity using animal RV vaccines (11-14).

RVA is a double-stranded RNA {dsRNA) virus with 11 genome segments encoding
six structural viral proteins (VP1-YP4, VPG, and VF7) and depending on the strain, 5 or
6 nonstructural proteins (NSP1-NSP5 = NSP6) (3, 15, 16). The mature infectious virion,
termed a triple-layered particle {TLP}, consists of an cuter layer formed by VP4 and
VP7. A double-layered particle (DLP), nested within the TLP, contains the intermediate
and inner layers of the capsid formed by VP6 and VP2 respectively (3). RV primarily
infects mature enterocytas of the intestinal epithelium and replicates exclusively in the
cytoplasm (17, 18). Eficient RV cell entry requires proteclytic cleavage of the outer cap-
sid protein VP4 into VP8* {28 kDa) and VP5* (60 kDa) domains by trypsin-like proteases
of the host gastrointestinal tract (19-22). The VP8™ lectin domain mediates RV attach-
ment to different host cell receptors such as sialic acid-containing glycans, histo-bleod
group antigens, and integrins, depending on the virus strain (18, 23-25). Following
endocytosis, low calcium levels in endosomes trigger the dissociation of VP7 and VP4,
releasing the transcriptionally active DLP into the cytoplasm (3). Here, DLPs transcribe
capped, nonpolyadenylated, positive-sense single-stranded RNA transcripts, which act
as ternplates for viral protein translation (3). The 11 mRNAs share a conserved terminal
3-UGUGACC sequence that contains cis-acting signals important for transcription by
the RNA-dependent RNA polymerase (VP1) (26-30). The 3'-GACC sequence is bound
by the N terminal of NSP3, while the C terminus of NSP3 interacts with the eukaryotic
protein initiation factor 4Gl {elF4GH) (31-33). NSP3 displaces poly-A binding protein from
ribosomal complexes to favor the translation of viral over host cell proteins (34-37).

The molecular characterization of RVs has historically proven challenging due to
inefficiencies of the helper virus-dependent reverse genetics systems available for con-
trolled mutagenesis studies {38-41). Recently, however, Kanai et al. 42) developed a
plasmid only-based reverse genetics system for the simian RY strain SA11. The plasmid-
anly reverse genetics system has been optimized to study the functions of RV proteins,
1o generate RV reassortants and RV reporter expression systems, and conceptualize
novel vaccine platforms @3-45). Using the plasmid only-based reverse genetics system,
recombinant RVs harboring chimeric VP4 proteins that showed efficient replication in
cell culture and neutralizing activity in mice have also been engineered (46-48).
Protection from infection with RV is primarily mediated by heterotypic neutralizing anti-
bodies that target VP4 and/or VP7 (47, 49). VP4 is therefore highly immunogenic and an
important target for adaptive immunity (49, 50). Thus, the potential for VP4 to express
heteralogous epitopes from different RV strains may provide a delivery platform for
expression of different vaccine antigens, although peptide insertions into VP4 has not
previously been tested. Additionally, the plasmid only-based reverse genetics systern has
been utilized to generate a repertoire of recombinant RVs expressing fluorescent re-
porter proteins 48, 51). The Cterminus of the SAT1 NSP3 open reading frame [ORF) was
fused to a porcine teschovirus translational 2A element followed by various reporters
including UnaG, mKate, mRuby, or TagBFP to successfully vield two uncoupled proteing
without compromising virus replication (31). A more recent study showed that the C ter-
minus of SA1T NSP3 can express different peptides of the severe acute respiratory syn-
drome coronavirus 2 {SARS-CoV-2) spike protein with minimal impact on endpoint titers
(52). This has highlighted the potential to use RVs as expression vectors for development
of palyvalent vaccines for enteric viruses.

In response to the recent emergence of SARS-CoV-2, the causative agent of corena-
virys diseasa 2019 (COVID-19), several platforms have been utilized for vast global vac-
cine production (53, 34}, Current licensed vaccines include examples that employ
mRNA (Pfizer-BioNTech, Moderna) or viral vectors (AstraZeneca, Janssen) to deliver
genetic material encoding the SARS-CoV-2 spike protein in order to stimulate the
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production of neutralizing antibodies and T-cell-mediated immune responses that tar-
get this protein (55-58). High neutralizing antibody titers are strongly associated with
specificity for the receptor binding domain (RBD) of the spike protein, making it the
most immunogenic antigen (59-62}. To assess the potential for generating chimeric
vaccines using RV, we used SARS-CoV-2 as a timely and important example, introduc-
ing spike peptides into the RV genetic backbone and determining whether chimeric
viruses showed cross-reactivity with spike antibodies. For this, the hypervariable region
of SA11 VP4 (VP8* lectin domain} and the C terminus of the bovine RV RF strain NSP3
were modified to express SARS-CoV-2 spike epitopes.

We found that mutating the hypervariable region of SA11 VP4 reduced RV infectiv-
ity and mutants expressing spike peptides did not cross-react with SARS-CoV-2 spike
antibodies, suggesting limitations of VP4 tagging as a strategy for live attenuated vac-
cine development. Using our newly established plasmid-only-based reverse genetics
system for the bovine RV RF strain, we rescued infectious viruses expressing either the
RBD or the RBM of the SARS-CoV-2 spike protein, with similar titers and replication
kinetics to those of the wild-type (WT) virus. These viruses cross-reacted with RBD anti-
bodies in enzyme-linked immunosorbent assay {(ELISA) and were able to infect bovine
gut enteroids, inferring the potential of the system for use in live attenuated vaccine
development.

RESULTS

In vifro synthesis of RV proteins tagged with SARS-COV-2 spike peptides. We
engineered a panel of SA11 strain VP4 plasmids with SARS-CoV-2 spike peptide
sequences inserted into the hypervariable region, and a panel of RF strain NSP3 plas-
mids with 3’ tags of SARS-CoV-2 RBM or RBD with or without a separating Thosea asi-
gna virus 2A (T2A) peptide (Fig. 1A). VP4 comprises two major domains, VP5* and
VP8*, which undergo conformational change upon tryptic cleavage that enhances viral
entry (20, 63-65). For peptide insertion into VP4, the hypervariable region (residues
L164 to N198) within the VP8™ lectin domain was targeted due to the genome plastic-
ity of this region and its virion surface expression (57, 63, 64). The insertion site has
been mapped onto the crystal structure of VP4 (Fig. 1B).

To confirm the expression of the spike epitopes by the mutated VP4 and NSP3 seg-
ments, coupled in vitro transcription and translation (IVT) reactions were carried out
using rabbit reticulocyte lysate system supplemented with [**S]methionine (Fig. 1B
and Cj.

Following sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and autoradiography, SA11 WT and mutated VP4 constructs produced polypeptide
products of the expected protein size throughout (Fig. 1C). The WT RF NSP3 construct
expressed a protein of expected size (Fig. 1D, lane 2). RF NSP3 segment incorporating
the RBM motif produced a protein of a higher molecular weight consistent with its pre-
dicted size (Fig. 1D, lane 3). The T2A_RBM construct generated a product containing
the NSP3 protein that ran slightly higher than WT NSP3 due to the residual C-terminal
fusion of partial T2A sequence (66) (Fig. 1D, lane 4, red asterisk). The small size (~10 kDa)
of the unconjugated RBM peptide made it difficult to visualize due to comigration with
the dye front. Unseparated NSP3-T2A_RBM, seen as a minor product, was probably pro-
duced as a result of unsuccessful ribosome skipping at the T2A site (66) (Fig. 1D, lane 4,
black asterisk}. As expected, translation of NSP3 fused to the RBD peptide also produced
a protein of a higher molecular weight than the WT (Fig. 1D, lane 5). For the T2A_RBD
construct, untagged NSP3 was readily identifiable, and again a fainter band correspond-
ing to the predicted molecular weight of fused NSP3-T2A_RBD was also seen (Fig. 1D,
lane 6, red and black asterisks, respectively). The RBD product (~23 kDa) was reproduci-
bly not detectable, possibly due to discontinued translation as a result of ribosome fall-
off at the T2A site, or degradation in the rabbit reticulocyte lysate system. These results
show that the spike epitopes were successfully translated in a cell-free system and that
the T2A peptide was functional.
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FIG 1 Design and validation of rotavirus (RV) VP4 and nonstructural protein 3 (NSP3} plasmid constructs used to generate mutant
viruses. (A} Schematic showing overall topology of SARS-CoV-2 spike protein in gray boxes: N-terminal domain (NTD), receptor
binding domain (RBD), which contains the receptor binding motif (RBM), fusion peptide (FP), heptad repeats 1 and 2 {HR1 and HR2),
transmembrane region (TM), and the intracellular domain (IC) (adapted from Lan et al. [62]). Dashed lines represent selected regions
of the spike protein {colored boxes) that were inserted into the hypervariable region of the SA11 viral protein 4 (VP4) gene (top) and
the C terminus of the RF NSP3 gene {bottom). SA11 VP4 was edited to incorporate either NTD, RBM.1, RBM.2, or HR2 spike peptide
sequences. RF NSP3 was fused with either the RBD or RBM sequence with or without Thosea asigna virus 2A (T2A) {yellow box),

{Continued on next page)
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Establishment of a reverse genetics system for bovine RV RF strain and rescus
of mutant viruses. To develop a reverse genetics system for the bovine RF strain of
RV, BSR-T7 cells were transfected with plasmids encoding each of the 11 gene seg-
ments of the RI" strain along with plasmids encoding the vaccinia virus capping
enzyme (D1R and D121} (Fig. 2A). Transfected cells were cocultured with MA104 cells
and supernatant was then passaged on fresh MA104 cells. Following amplification in
MAT04 cells, supernatant was harvested as virus stock {Fig. 2B). To compare the replica-
tion kinetics of the engineered RF virus with the RF isclate, we first performed multi-
eycle infections in MA1T04 cells at a low muitiplicities of infection (MOI} (Fig. 2B). The
two viruses showed similar overall kinetics, exhibiting exponential growth for around
16 h and then plateauing (Fig. 2B). From 24 hours postinfection thpi), the titers of res-
cued RF were approximately a log,, lower than the RF isolate (24 and 48 hpi
* P = 0.05; 32 hpi ™, P = 0.001) (Fig. 2B}, Althcugh the RF isolate replicated better
than the engineered RF, the endpoint titer of engineerad RF showed that it grows effi-
ciently in cultured cells. These data suggest that the bovine RV RF strain was success-
fully rescued using a plasmid only-based reverse genetics system.

Next, we used our established reverse genetics system for the bovine RV RF strain
t¢ generate the VP4 and NSP3 mutant viruses. With the exception of the N-terminal
domain (NTD) mutant, all VP4 mutants displayed significantly lower titers compared to
the WT, with an approximately two-log,, decrease in the titers observed across the
panel {Fig. 2C}. Nonetheless, all VP4 mutants were successfully rescued on all attemipts.
The VP4 mutants exhibited a similar but smaller speckled plaque phenctype to the WT
(Fig. 2D). Statistical analyses of plaque sizes were not performed due to the ambiguities
in determining the peripheries of individual plaques and their nonuniform diameters
within a well.

In contrast, compared to the WT virus, there were no statistically significant differ-
ences observed in titers of any of the NSP3 mutants (Fig. 2E). However, out of three
attempts, RBM was successfully rescued twice while T2A_RBM was rescued at all times,
with one of the rescues showing a two-log,, lower titer (Fig. 2E). The RBD mutant was
anly rescued once with a titer that was a log,, lower than the WT {Fig. 2E). Although
T2A RBD rescued on all attempts, it delivered a five-log,, variation in titers between
the rescues {Fig. 2E). The viruses with NSP3 tags displayed smaller plaques than the
WT, except T2A_RBM, whose plaques had a similar morphology to that of WT (Fig. 2F).
Natably, in the presence of T2A peptide, plaque sizes were larger than when RBM or
RBD was fused directly to the Cterminus of NSP3 without T2A (Fig. 2F).

Thus, small peptide insertions into the hypervariable region of SA11 VP4 signifi-
cantly reduced the virus titer, while the efficiency of viral rescue was affected by the
size of the peptides fused to the Cterminus of RF NSP3. Furthermore, these data dem-
anstrated that the RF strain of RV was successfully rescued from cloned ¢DNAs (con-
firmed by sequencing, data not shown}.

Characteristics of VP4 and NSP3 mutant viruses. Following virus rescue, we first
examined the effects of peptide insertion on RY replication in cell culture. Multistep
growth curves were performed for the VP4 and NSP3 mutants after infection of MA104
cells at a low MOL From 24 hpi, all VP4 mutants had significantly lower titers {=1-log. )
than the WT virus for at least one time point during the infection (Fig. 3A). Next, we
assessed the impact of the introduced mutations on the total RNA expression levels for

FIG 1 Legend (Continued)

represented by +/— sign. Both gene segments were fanked by the T7 prometer (T7P) and the antigenomic hepatitis delta virus
{HDV) ribozyme {"HDV Rib” green boxes) foliowed Dy T7 terminator (T7T). *Stop codons. Schematic not 1o scale. {(B) Ribbon
representation of VP4 {adapted from Settembre et al. [63]) Two orthogonal views are shown. The VP8* fragment is In magenta
extending into the VP5* foot domains {in blue), the hypervariable region of VP4 is in gray and the region where SARS-CoV-2
peptides {omitted for clarity) were inserted s in green. VP5* S-barrel domains are in oyan and purple. (C and D} Coupled M vitro
transcription and translation reactions of mutated SATY VP4 (T} and RF NSP3 (D) segments were carried out using the TnT rabbit
reticulocyte lysate systern supplemented with [Simethionine. Sarmples were analyzed using SDS-PAGE and autoradiography. The
moiecuiar weight marker and the expected product sizes of each segment {in brackets} are indicated {ki3a}. Empty pCONA 3.1 vector
was used as a negatlve contrel in panel D, black asterisks indicate T2A read-through product and red asterisks identify separated
products. WT, wild type.
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FIG 2 Generation of VP4 and NSP3 mutant viruses using plasmid-only based reverse genetics system. {A) Schematic representation of a 13-
plasmid system for generation of mutant viruses expressing spike epitopes (adapted from Kanai et al. [42] and Komoto et al. [43]; created
with BioRender.com). Full-length cDNAs representing each of the 11 gene segments were ftransfected into BSR-T7 cells with increasing
amounts of two plasmids carrying NSP2 and NSPS genes, along with two plasmids expressing vaccinia virus capping enzyme genes (D1R and
D12L). Mutant viruses were rescued following amplification in MA104 cells. (B) Multistep growth curves comparing the bovine rotovirus (RV}

RF isolate with reverse genetics (RG) virus. *, P
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FIG 3 Replication kinetics and viral RNA content of WT and mutant viruses. (A and B) Multistep growth curves for VP4 and NSP3 mutant viruses respectively.
*, P = 005 (24 hpi HR2, P = 0.041; 48 hpi NTD, P = 0.047; RBM.1, P = 0.045; RBM.2, £ = 0.031). **, P = 0.01 (32 hpi HR2, P = 0.009). ***, P = 0.001 {32 hpi
RBM.2, P = 0.0006). (C to F} Total cellular RNA levels of VP1, and VP4 {SA11 panel) or NSP3 (RF panel) transcripts. Data are from three independent

experiments. Dashed line represents detection threshold.

VP1 and VP4 viral transcripts. No marked differences in transcript levels of either VP1
{Fig. 3B) or VP4 (Fig. 3C) were observed (P = 0.05, paired { test).

Conversely, the NSP3 mutants followed similar replication kinetics to RF WT with
three log,, increases in titers between 8 and 16 hpi, with titers plateauing thereafter
{Fig. 3D). Throughout, no major differences in titers between any of the viruses in the
panel were observed. For the NSP3 virus panel, mutants produced higher levels of VP1
{Fig. 3E) and NSP3 {Fig. 3F) transcripts than the WT virus earlier in the time course.
Higher RNA levels of VP1 and NSP3 in the RBD mutant are likely a result of higher RNA
input {Fig. 3E and F, respectively). Possibly, a higher proportion of viral particles gener-
ated in the RBD virus stocks are nonviable, and therefore, more defective particles are
present in the inoculum when equivalent PFU are used for the infections. Neither YP1

FIG 2 Legend (Continued}

P — 0.0005). Data are from three independent experiments. Dashed line represents detection threshold. Viral titers and plagque morphology
versus WT for VP4 (C and D) and NSP3 (E and F) mutants. Dashed line represents detection threshold. (C) *, P = 0.05 (RBM.1, P = 0.0205;
RBM.2, P = 0.0217). **, P = 0.01 (HR2, P = 0.0018). Representative results from three independent rescues are shown (except for RBD, which
only rescued once). In panel E, open circles show failed rescues plotted at the limit of detection.
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TABLE 1 Properties of VP4 and NSP3 mutant viruses?®

Journal of Virology

Viruses Protein products of mutated gene
VP4 cleaved products

Total size of VP4 Rescue VP4 size VP4 size
Name Titers (PFU/mL) gene (bp) success {aa) {kDa) VP5* size {kDa) VP8* size {kDa)
SATTWT 1.65E + 08 2,331 3/3 776 86.1 60 28
HR2 2.25E + 06 2430 809 29.8 31
NTD 4.75E + 06 2,400 799 88.7 30
RBM.1 275E + 06 2,400 799 83.7 30
RBM.2 2.50E + 06 2412 803 89.1 30

Total size of NSP3 Rescue NSP3 size NSP3 size T2A product/s T2A product/s
Name Titers (PFU/mL} gene {bp} success {aa) {kDa) {aa) {kDa)
RFWT 1.3CE + 08 942 3/3 313 34.7 n/a n/a
RBM 1.1CE + 08 1,158 2/3 385 42.7
T2A_RBM 9.20E + 07 1,212 3/3 403 44.7 330+ 73 36.6 + 8.1
RBD 1.88E + 07 1,521 1/3 506 56.1 n/a n/a
T2A_RBD 7.70E + 07 1,575 3/3 524 58.1 330 + 194 36.6 + 21.5

“The hypervariable region of SA11 VP4 was tagged with SARS-CoV-2 spike peptides: heptad repeat 2 (HR2), N-terminal dormain (NTD), and receptor binding motif (RBM)
regions. The C terminus of RF nonstructural protein (NSP) was tagged with either the RBM or receptor binding domain {(RBD) of SARS-CoV-2 spike with or without a Thosea

asigna virus 2A {T2A) peptide; WT, wild type; n/a, not applicable.

nor NSP3 transcript levels differed significantly throughout the time course (P = 0.05,
paired t test) (Fig. 3Eand F).

Western blot analyses were then used to characterize the production of SARS-CoV-
2 spike polypeptides and RV VP6 using whole-cell lysates from the infection time
course. As different SARS-CoV-2 peptides were introduced in each mutant, antispike
antibody affinity may vary between mutants and so expression levels cannot be com-
pared. Due to lack of available antibodies, we were unable to measure RV VP4 and
NSP3 protein levels directly.

For the detection of various SARS-CoV-2 spike peptides in cells infected with the
VP4 mutants, a polyclonal SARS-CoV-2 spike antibody was used. As the spike peptides
were introduced into the hypervariable region of VP4, we considered the possibility of
detecting the full-length VP4 (sizes indicated in Table 1) and/or the VP8* cleaved prod-
uct containing the spike peptides. At 32 hpi, full-length VP4 product was detected in
heptad repeat 2 (HR2), NTD, and RBM.2 mutants (Fig. 4A, black asterisks). No SARS-
CoV-2 spike peptide signal was detected for the RBM.1 mutant, likely reflecting selec-
tive clonality of the antibody used (Fig. 4A). Interestingly, at 32 hpi, the upper band
representing the uncleaved VP4 product was brighter for RBM.2 (Fig. 4A, black aster-
isks), whereas for NTD, the lower band possibly representing the VP5* cleaved product
was stronger than the upper band (Fig. 4A, green asterisks). These differences could be
due to the distinct efficiencies of VP4 processing caused by the inserted peptides. The
hypervariable region where the spike peptides were introduced is within the VP8* do-
main, and we would expect a product of around 30 to 31 kDa in the event of VP4
cleavage. Possibly, this is evident in NTD at 32 and 48 hpi (Fig. 4A, blue asterisks),
although the NTD mutant showed several unexpected bands and so this may reflect
nonspecific antibody binding; a faint product of similar molecular weight was also
detected in the mock samples at 32 hpi (Fig. 4A).

We also examined RV VP6 production, which was detected in all VP4 viruses at 32 hpi
(Fig. 4A). VP6 signal intensity did not correlate with spike signal intensity across viruses,
again likely due to variable affinities of the spike antibody for the different spike peptides
incorporated into VP4 (Fig. 4A).

In cells infected with NSP3 mutants, detection of both RBD and RBM peptides was
possible using a polyclonal SARS-CoV-2 RBD antibody. Cross-reactivity for the RBM-
expressing virus was first detected at 8 hpi, with increased levels present at 16 and 32
hpi (Fig. 4B). Antibody cross-reactivity for the T2A_RBM virus was only visible between
16 and 32 hpi (Fig. 4B). The band detected is consistent in size with an unseparated
NSP3-T2A_RBM protein product (Table 1 and Fig. 4B, black asterisks). The RBM peptide
of around 10 kDa was not detected, consistent with its in vitro translation efficiency
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(Fig. 4B and 1B). For the RBD virus, expression of the RBD peptide was first observed at
8 hpi but declined from 16 hpi paralleling the disappearance of tubulin {likely due to
cell death) (Fig. 4B). In the T2A_RBD mutant, both NSP3-conjugated and uncenjugated
RBD products were detectable from 16 hpi (Fig. 4B, black and red asterisks, respec-
tively). Over time, the RBD peptide (~23 kDa) became more apparent, as the NSP3-
RBD signal diminished, confirming the functionality of the T2A element (Fig. 4B, red
asterisks).

It is unclear why the T2A-induced ribosomal skipping appeared to improve in effi-
ciency over the course of infection. It is possible that the stability of the fused peptides
is lower than the separated peptides. Similarly, over the course of infection, RBM pro-
tein levels increased throughout, whereas RBD protein levels increased until 16 hpi af-
ter which they drepped dramatically {Fig. 4B).

The expression of VP6 was first observed at 8 hpi during infection with the RBD mu-
tant, coinciding with the signal of the RBD peptide, but was only detected for the
remaining viruses from 16 hpi (Fig. 4B). Since equal MOls were used for time course
infections, higher input of genomic RNA copies could explain earlier V6 detection in
the RBD mutant. This is consistent with the higher transcript levels detected for the
RBD mutant at 8 hpi {Fig. 3E and F). It is possible that in the event of a packaging
defect of the RBD mutant more input genome copies would be required to deliver
equal numbers of infectious particles.
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Infection with both mutants resulted in a similar drop in tubulin levels {Fig. 4A and
), suggesting that the two mutants have different protein turnover rates.

In summary, introducing short SARS-CoV¥-2 peptides into the hypervariable region
of VP4 impacted the virus yield, whereas fusing SARS-CoV-2 spike peptides to the Cter-
minus of NSP3 with or without T2A did not affect the virus titer or replication kinetics.
MNevertheless, SARS-CoV-2 spike peptides were detectable in the majority of mutants
using polyclonal antibodies, encouraging further investigations into the potential of
these strategies for heterologous peptide presentation. Use of monoclonal SARS-CoV-2
spike antibodies could be considered in the future studies as these may be more spe-
cific for the detection of spike epitopes expressed by mutant viruses.

Effect of gene mutation on viral genome packaging. For viruses of the Reoviridae
family, genome packaging is a tightly orchestrated and controlled process, so increasing
the RY genome size may affect packaging efficiency {29, 67-69). To examina whether
our mutations may have affected genome packaging, RNA was extracted from equal vol-
ume of purified viruses and analyzed by urea-PAGE and silver staining.

The ¥P4 virus panel showed the expected constellation of genome segments, but
as samples were resolved for an extended period of time to visualize the small changes
in segment 4 (VP4) band sizes expacted as a result of SARS-CoV-2 spike peptide inser-
tion, segments 10 and 17 ran off the gel (Fig. 5A). When gels were run for a shorter
time, no differences in band densities of segments 10 and 11 were seen (data not
shown). Mutated VP4 segments migrated more slowly than the WT VP4 segment,
reflecting the various sizes of inserted spike sequences (Fig. 5A, highlighted in red).
Densitometry analysis showed no substantial differences in band density between
mutated VP4 and WT VP4 segments (normalized to WT: HR2 = 0.96, NTD = 1.11,
RBM.T = 0.87, and RBM.2 = 0.96), suggesting no obvious packaging defects were intro-
duced by small sequence insertions into the hypervariable region of VP4 (Fig. SA).

The resolved segments for the NSP3 virus panel also showed the expected pattern
of 11 RNA segments, as well as a prominent background band present in a mock
infected sample that migrated between segments 1 and 2 (Fig. 5B). Segment 7 {encod-
ing NSP3) from all mutants migrated notably slower than from WT virus, corresponding
with its increased gene size {Fig. 5B, highlighted in red). Comigration of segments 7, 8,
and 9 in the WT made it difficult to reliably separate segment 7, preciuding direct
quantitative analyses (Fig. 5B). Nevertheless, no obvious defect in packaging was
observed through visualization of the complete genome of RF mutants,

To further evaluate whether virion infectivity may have been affected by genome
mutagenesis, the genome copy number to PFU ratio was determined for the two pan-
els of viruses, measuring VP1 and either VP4 (SAT1 panel) or NSP3 (RF panel) segments
(Fig. 5C to F). No significant differences were observed in the levels of VP1 and VP4
segments across the VP4 mutants relative to WT, although for all mutants a 1 to 2 logq,
increase in RNA copies required to make an infectious virion was observed for both
VP1 and VP4 (P = 0.05, paired f test} (Fig. 5Cand D).

In contrast, all NSP3 mutants, with the exception of RBD, had equivalent numbers
of ¥P1 and NSP3 segments (Fig. 5€ and F). RBD had a significantly higher VP1
(P = 0.005, paired t test} and NSP3 (P = (.010, paired t test) segment copy numberPFU
ratio, with aver 100-fold more copies of RNA required to make a fully infectious particle
(Fig. 5C and D},

VP4 is important for viral attachment and entry as well as for the maturation of TLPs
that constitute an infectious virus (3). Therefore, it was considered that mutation of
VP4 may affect the assembly of the viral structural proteins. To test this, purified VP4
viruses were further analyzed by SDS-PAGE followed by Coomassie staining (NSP3
viruses were not included because the spike epitopes were fused to NSP3 which is not
incorporated into virions) Fig. 5G). Apart from VP3 and VP7 proteins, major structural
proteins were detected throughout (Fig. 5G). VP4 was readily detectable for all viruses
in the panel and so amounts were quantified by densitometry and normalized to that
of WT virus. This showed no obvious VP4 incorporation defects, with all mutant viruses
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FIG 6 Detection of spike antigens expressed by mutant viruses. Presence of spike antigens were
evaluated by indirect ELISA using viral supernatant of VP4 mutants {(A) and cell lysates for NSP3 mutants
{B). Colored symbols represent individual data points obtained from three independent experiments.
Optical density (OD) (405 nm) signal for all mutants was normalized to WT (background signal). PR8-RBM
represents positive control. (A) P = 0.05. (B) *, P = 0.05 (RBD, P = 0.032).

showing very similar VP4 amounts to the WT virus (relative to WT, values were as fol-
lows: HR2 = 1.07, NTD = 0.99, RBM.1 = 1.09, and RBM.2 = 1.06). Thus, the mutant YP4
proteins appear to be incorporated into virus particles with unaltered efficiency.

A notable difference between the WT virus and its mutants was the cleavage pat-
tern of VP4 in the presence of trypsin used for propagating the panel of mutant
viruses. A band of the predicted size for VP5* was visible in the WT (Fig. 5G, red arrow).
However, no corresponding band was visible for any of the VP4 mutants expressing
heterologous peptides, further supporting our earlier hypothesis that peptide insertion
into the VP4 hypervariable region impairs its processing into VP8* and VP5* (Fig. 4A).

In contrast, VP8* was detected in all mutants, and it migrated slightly higher than
WT VP8, corresponding to the additional peptide sequences present in the hypervari-
able domain of VP4 (Fig. 5G). Nevertheless, VP8* band density was stronger for WT
than for the mutants, again consistent with inefficient tryptic cleavage of VP4.

Overall, no major effect on viral assembly was observed in either of the mutant viral
panels, with the exception of inserting the large RBD tag into NSP3, which caused a
defect that could be overcome by incorporation of a T2A element.

Detection of SARS-COV-2 spike antigens by indirect ELISA. To further investigate
the viability of using RV as a delivery vector for SARS-CoV-2 spike antigens, we assessed
whether the RV mutants expressing spike peptides would cross-react with RBD antibedies
in an indirect ELISA. For the VP4 mutants, no antibody cross-reactivity was identified in
this assay using the polyclonal SARS-CoV-2 RBD antibody (Fig. 6A). Additionally, no cross-
reactivity was observed using the polyclonal SARS-CoV-2 spike antibodies to target the
various spike peptides in the VP4 mutants, or with the PR8-RBM-positive control (data not
shown), reflecting the lack of suitability of these antibodies for use in this assay.

Except the T2A_RBM mutant, all NSP3 mutants consistently showed a higher signal
than the background signal from the WT virus, although only the RBD mutant showed
a significantly higher signal than WT (P = 0.032, paired f test) (Fig. 6B).

FIG 5 Legend (Continued)

RNA segment notations are in red. Lane “L" represents High Range RNA Ladder showing band size of RNA transcripts. RNA:PFU
ratios of VP1 and either SA11 VP4 (C and D) or RF NSP3 (E and F) genes were determined by RT-gPCR and a ratio of copy number
to viral titer was calculated; values were then normalized to WT. Dots represent individual samples from three independent
rescues with each performed in triplicate. (E) **, P = 0.01 (RBD, P — 0.005). (F} *, P = 0.05 (RBD, P — 0.010). (G) Electrophoretic
profile of viral proteins from purified VP4 mutants visualized using Coomassie brilliant blue. Lane “L" represents protein ladder
indicating the molecular weight markers (kDa). Black triangles show the positions of viral proteins and their expected protein sizes
{in brackets) are indicated (kDa). VP3 and VP7 proteins were not detected. VP5* protein was detected in WT only (red triangle)
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Based on these observations, RF NSP3 may be a better target for heterologous pep-
tide conjugation than SA11 VP4 for expression of immunogenic antigens, which is at
least partly attributable to the larger insertion site tolerated in the corresponding ge-
nome region.

Bovine enteroids as a species-specific model for viral infection. Cell culture-based
assays identified the RF NSP3 gene as a strong candidate for expressing immunogenic het-
erologous peptides. Orally administered live attenuated RV vaccines replicate in the gastro-
intestinal tract, and so bovine intestinal organoids containing enterocytes, goblet, Paneth,
enteroendocrine, and stem cells (70) were used to investigate if a more physiologically rep-
resentative system was susceptible to infection with the NSP3 mutants. A bovine organoid
system was chosen as the RF strain was first identified in diarrhoeic calves (71).

3D bovine enteroids were infected with NSP3 mutants at an approximate MOI of
10, stained with anti-¥P6 and anti-RBD antibodies, and imaged by confocal microscopy
(Fig. 7A and B, respectively). At 24 hpi, VP6 was predominantly detected in the epithe-
lium comprised of mature enterocytes lining the apical surface of the organoid lumen
(Fig. 7A), which is consistent with previous findings showing their preferential infection
by RVs (17, 18). In contrast, VP& distribution in RBM and T2A_RBM mutants was
detected around the nuclei of cells located within the organoid lumen and in the punc-
tate cytoplasmic inclusion bodies, most likely viroplasms, sites of RV replication and as-
sembly (3) (Fig. 7A, VP6 panel). However, antibodies targeting NSP2 and NSP5 proteins,
which together are necessary and sufficient for the formation of viroplasms (72), are
not commercially available and so viroplasm identification could not be verified. VP6
signal in the RBD and T2A_RBD mutants was not apparent in the lumen and was
mainly detected around the nuclei of cells in the organoid lining (Fig. 7A, VP6 panel).

Following staining with the SARS-CoV-2 RBD antibody, diffuse cytoplasmic signal
was detected in a small number cells of organoids infected with the RBM mutant, while
other mutants did not produce any visible anti-RBD cross-reactivity (Fig. 7B). However,
the signal for RBM was weak relative to the background, indicating either that the
expression of SARS-CoV-2 spike peptides was hindered in bovine enteroids or that the
antibody does not work well in this context.

DISCUSSION

We have used simian SA11 and bovine RF RV strains as viral vectors to express vari-
ous SARS-CoV-2 spike epitopes as a model system with which to test the potential for
expression of multivalent antigens. Tagging of the VP4 protein found on the surface of
the virion with smaller peptides consistently impaired viral growth and did not yield
strong antibody cross-reactivity. Conversely, relatively large foreign sequences could
be tagged to the C terminus of NSP3 protein, mostly without impairing viral titers and
replication kinetics, and cross-reactivity with SARS-CoV-2 RBD antibodies was also
demonstrable.

To investigate the feasibility of using RV as an expression vector, we analyzed the
effect of introducing SARS-CoV-2 spike peptides into the “head” region of the VP4 (i.e,
VP8* domain), outside the sialic acid binding domain. Since VP8 is used in several vac-
cine platferms such as protein subunit or nanoparticle vaccines to induce RV-specific
neutralizing antibodies (73-78), we hypothesized that the expression of SARS-CoV-2
spike peptides by VP8 may similarly generate neutralizing antibodies. However, incor-
poration of various spike epitopes into the VP8* lectin domain between amino acid
positions 164 to 198 consistently showed significant decrease in viral titers, despite
having no obvious effect on the rescue efficiency (Fig. 2C).

It is possible that reduced infectivity and lack of uniformity of plague sizes of VP4
mutants (Fig. 2C and D and Fig. 3A) could be due to inefficient conformational transi-
tion of VP4 following proteolytic cleavage {3, 20, 21). Following cell attachment, VP8*
lectin domains at the tip of VP4 dissociate and expose the hydrophobic loops of the
VP5* B-barrel domains (19, 63, 64). This enables interaction of the VP5* hydrophobic
loops with the lipid bilayer and perforation of the target membrane by the VP5* foot
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domain, leading to RV entry, analogous to refolding of influenza virus hemagglutinin
during membrane fusion (63, 64, 79-84). Therefore, our mutation of the VPE* lectin do-
main may have indirectly affected the association of the hydrophobic loops of the
VP5* B-barrel domains with the target membrane.

Alternatively, while we saw no obvious effects of VP4 mutagenesis on genome
packaging Fig. 54, €, and D), the absence of the VP5" detection in the mutants (where
a band of the correct size was identified in the WT virus) could indicate inefficient
cleavage of VP4 on TLPs (Fig. 5G). /n vitro assembly of TLPs has shown that DLPs
require addition of VP4 before VP7, and that the tryptic cleavage occurs following addi-
tion of VP7 (82, 83). Interaction of VP7 subunits with the VPS5 foot domain stabilize
and anchor the ¥P4 onto the virion, allowing the protease to cleave only the linker
sequence that bridges VP8™ and VP5*, which in our mutants is intact {20, 217, 63, 64). It
is possible that our peptide insertions may have altered the VP4 conformation at this
interaction site, disrupting YP4 cleavage and rendering VP5* undetectable in our
assays (Fig. 4A and 5G). Finally, we were unable fo detect any cross-reactivity of the
SARS-CoV-2 spike peptides with spike (not shown) or RBD antibodies in ELISA (Fig. 6A),
further suggesting limitations of using SA11 VP4 as an expression vector for foreign
peptides, at least with the chosen peptides. It is possible, however, that these peptides
may be iImmunogenic in vivo, which could be tested in a suitable animal model such
as mice (86). Using a multiplexed approach, challenge with a combination of VP4
mutants could be applied to establish a more robust SARS-CoV-2 specific immune
response.

Previous studies have shown that SA11 NSP3 is able to tolerate insertions of foreign
sequences at its C terminus (45, 51, 52); we have demonstrated that this is also possible
using the bovine RF strain NSP3. This is advantageous as the current live attenuated pen-
tavalent RV vaccine RotaTeq utilizes a bovine RV backbone reassorted with different
human strains, and the use of a nonprimate origin RV vector would lower susceptibility
1o preexisting immunity (9, 87, 881, In contrast, a monavalent, human live attenuated RV
vaccine Rotarix contains only one RY strain of G1P[8] specificity (89, 90). The bovine
backbone is amenable to multiplexing, and therefare will offer a broader protective im-
munity than those containing one spedfic RV strain.

The RF strain of RVs demonstrates a positive feedback mechanism for NSP3 mRNA
translation where the 3 -GACC end of mRNA molecules and both domains (N and C
terminal} of NSP3 are required (91). Accumulation of the first NSP3 molecules gener-
ated during infection triggers NSP3-dependent transiation by specifically binding the
terminal 3° GACC of mRNA, and once established, NSP3 is available for transiation of
other viral mRNAs {91). Depending on the virus strain, the 3'-GACC canonical sequence
differs in some segments of RV, and the same positive feedback mechanism is not
observed in the SA11 strain (3, 91).

Rescue of the RF mutant with the RBD peptide (193 amino acids) fused directly to
NSP3 was achieved only once in three attempts (Fig. 2E), possibly reflecting an
impaired function of NSP3. However, introducing the RBM peptide produced a virus of
similar titers to the WT and its rescue efficiency was not as affected (Fig. 2E). The only
notable difference between the RBM and RBD was the size of the introduced peptide,
suggesting that insertions larger than 72 amino acids may affect the function of NSP3.
Increasing the size of the ORF by incorporating the T2A element improved the titer
and the rescue efficiency of the T2A_RBD mutant {Fig. 2E), suggesting that the rescue
defect imparted by peptide introduction is at the protein rather than the RNA level.
Previous studies showed that inclusion of the porcine teschovirus 2A slement (P2A)
between SAT1 NSP3 ORF and the coding seguence for UnaG resulted in NSP3 retaining
its ability to induce nuclear localization of PABP (51). These recombinant viruses
expressed both NSP3 and UnaG proteins, and grew to peak titers similar to those of
SA1T WT (45, 51). Recombinant simian rhesus rotavirus (RRV] strain expressing green
fluorescent protein from NSP3 C terminus, separated by P2A element, also had compa-
rable growth kinetics to the WT virus {44}, However, a more recent study showed that
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the titers of recombinant SA11 RVs expressing SARS-CoV-2 peptides from the C termi-
nus of NSP3 ORF with P2A were 0.5 to 1 log lower than the WT (52). Furthermore, the
recombinant SA11 RV expressing the whole of SARS-CoV-2 spike from NSP3 with P2A
showed genetic instability {by passage three) in which sequence deletions were appa-
rent with continued passage (52). Our results confirm that introducing peptides to the
C terminus of NSP3 separated by the T2A element did not affect the function or
genetic stability of NSP3 (Fig. 2E, 4B, and 5B). In the absence of a T2A element, there
may be a limit to the length of additional foreign sequences that the bovine RF NSP3
can accommodate. However, it is not possible to rule out that the activity of different
2A elements and the effects of different RG systems used for viral recue can vary {44,
45,51, 52, 66).

We also found that the RNA:PFU ratios as well as the copy number of NSP3 and VP1
transcripts were affected for the RBD mutant only, suggesting that a higher proportion
of viral particles generated are nonviable (Fig. 5E and F). This cannot be attributed to
the longer length of this segment, as the T2A_RBD mutant did not have a raised RNA:
PFU ratio (Fig. 5E and F). A higher number of defective virions in the viral progeny may
explain the variable plaque sizes of NSP3 mutants {Fig. 2F). NSP3 exerts its role in virus
replication by regulating viral mRNA translation. This is consistent with the observed
increase in RNA:PFU ratios being nonspecific to a particular segment.

With the exception of T2A_RBM, NSP3 mutants expressing SARS-CoV-2 spike pep-
tides cross-reacted with the SARS-CoV-2 RBD antibody (Fig. 6B), supporting the previ-
ously proposed viability of using NSP3 as a tagging system (52) and demonstrating its
application to other RV strains. Follow up studies using sera from COVID-19 patients
are needed to confirm antibody responses to the antigens produced by the NSP3
mutants.

Overall, we conclude that further investigation is required to evaluate the potential
for peptide insertion into VP4 as a potential vaccine expression platform, using animal
models to examine immunogenicity. Here, small peptide insertions into VP4 resulted
in a log reduction in virus titer, which is tolerable when we consider other live attenu-
ated vaccines currently in use, such as the influenza A vaccine FluMist (reviewed in ref-
erence 92). On the other hand, including the T2A element is beneficial for expressing
foreign antigens as it allows coexpression of NSP3 and large peptides with little effect
on the viral rescue efficiency, titer, and replication, all which are important traits for
live attenuated vaccine development. In the absence of the T2A element, there may be
a limit to the amount of additional foreign sequences that the RF NSP3 can accommo-
date. Nevertheless, there is potential to package additional heterologous peptides into
the RV core, which may be several thousands of nucleotides in excess of the native
dsRNA genome (93). Our results offer a possibility of utilizing a bovine RV RF strain as a
backbone to facilitate the development of recombinant RV-based vaccines; here we
used SARS-CoV-2 as an example, but this can be extrapolated to other gastrointestinal
pathogens.

MATERIALS AND METHODS

Cell lines. African Green monkey kidney epithelial (MAT104} cells were cultured in Dulbecco’s modified
Eagle’s medium {DMEM} (Sigma-Aldrich} supplemented with heat inactivated 10% fetal bovine serum
{FBS}) {Gibco} and 1% penicillin- streptomycin (Gibco). Cells of the BSR-T7 clone of baby hamster kidney
fibroblasts (BHK-21 cells} (94), constitutively expressing T7 RNA polymerase, were cultured in Glasgow's
minimal essential medium {Gibco} supplemented with 1% tryptose phosphate broth (Gibce), heat inacti-
vated 10% FBS {Gibco), and 1% penicillin-streptomycin {Gibco}. Both cell [ines were a kind gift from the
laboratory of Prof. Massimo Palmarini {MRC-University of Glasgow Centre for Virus Research, UK). Cells
were passaged twice weekly and maintained at 37°C, 5% CO,. At every fifth passage, BSR-T7 cells were
maintained in medium containing G-418 selection {1 mg/mL} {Invitrogen).

Viruses. RV strains used were simian RV SA11 strain (G3P[2]} and bovine RV RF strain {G6P[1]} and
were rescued using reverse genetics {detailed below} (42, 71, 95, 96}. The natural isolate of the RF strain
was a kind gift from the laboratory of Dr. Ulrich Desselberger {University of Edinburgh, UK). Viruses were
propagated in MA104 cells cultured in DMEM supplemented with 0.5 ng/mL porcine pancreatic trypsin
type X (Sigma-Aldrich}, and viral titers were measured by plaque assay as described below.

Design of RV expression vectors containing spike epitopes. To engineer mutant RVs expressing
SARS-CoV-2 spike peptides, we utilized two strategies involving both the simian RV SA11 strain and the
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bovine RV RF strain. It was previously suggested that the surface protein VP4 of the SA11 strain tolerates
short immunogenic peptides inserted at specific sites with minimal impact on viral replication or particle
assembly (79). Guided by the available structure model of rhesus rotavirus (RRV) VP4, serctype G3 P5B(3]
{strain RVA/Monkey/United States/RRV/1975/G3P5B[31} (PDB: 4V7Q) (63), we chose an exposed loop out-
side the sialic acid-binding domain located within the "head” of the VP4 spike {Fig. 1A and B} to investi-
gate the possibility of VP4 alteration. Moreover, several neutralization escape mutants were ascribed to
the amino acid changes within this region {97), consistent with fts accessibility to antibodies. A number
of B-cell linear epitopes derived from either the heptad repeat 2 {HR2), N-terminal domain (NTD}, or RBM
regions of the SARS-CoV-2 spike protein were selected for insertion {61, 98, 99) (Fig. 1A}. These epitopes
were introduced into the hypervariable region of SAT1 VP4 between amino acid position 164 and 198
with linker sequences {63, 64) to increase their accessibility. Plasmid constructs expressing HR2 and NTD
of the SARS-CoV-2 spike peptides were generated using Q5 site-directed mutagenesis kit {New England
BioLabs} with primers listed in Table 2 and pT7-VP45A11 {Addgene no. 89165} expression vector accord-
ing to the manufacturer's protocol. RBM.1 and RBM.2 constructs were ordered as gene fragments
{gBlocks; Integrated DNA Technologies) and clened into pT7-VP4SA11 expression vecter using Nhel and
Mfel restriction enzymes. All plasmids were amplified by transformation into chemically competent
Escherichia coli DH5a and purified using Qiagen Plasmid Midi Kit {Qiagen} according to the manufac-
turer’s protocol. The presence and the size of the mutation in each plasmid was verified by Sanger
sequencing {GATC Biotech or Genewlz, Germany). These epitopes were curated from the scientific litera-
ture by the Immune Epitope Database available at VIPR (httpss Awvww.viprbre.org/bre/). Only unstructured
epitopes of up to 15 residues were chosen (Table 3). The SA11 strain was selected for this mutagenesis
due to the structural characterization of VP4 of its close relative RRY, its user-friendly plasmid only-based
reverse genetics system and its rapid growth kinetics.

To test whether tagging a RV strain more closely related to the bovine virus backbone used in the
pentavalent RotaTeq vaccine {87), we used the bovine RV RF strain. Here we modified the C terminus of
the RF strain NSP3 ORF to express spike epitopes coding for the RBD or RBM of SARS-CoV-2, with or
without an intervening Thosea asigna virus 2A {T2A) peptide (66, 100, 101} {(Fig. 1A). The inclusicn of the
T2A sequence was employed in order to lower the risk of interfering with the function of the NSP3 gene.
On the other hand, increasing the segment size by incorporating the T2A peptide could further affect
the antigenic processing; hence, both approaches were trialed. The panel of constructs was assigned
the notation RBM, T2A-RBM, RBD, and T2A-RBD.

Plasmid construction. pT7 plasmids used for reverse genetics of SA11 RV were kindly provided by
Takeshi Kobayashi {42} through the Addgene plasmid repository under ID number 89162-72. To gener-
ate plasmids used for reverse genetics of the bovine RV RF strain, constructs were designed to encode
each of the 11 RF gene segments, flanked at the 5" end by a T7 promoter {T7P} and at the 3" end by an
antigenomic hepatitis delta virus ribozyme sequence, followed by the T7 terminator sequence as in
Kanai et al. (42}. The GenBank accession numbers of the bovine RV RF strain genome sequences are as
follows: segment 1 {(KF729687), segment 2 {KF729642}, segment 3 (KF729645), segment 4 {(KF729650),
segment 5 (KF729656), segment 6 {KF729658), segment 7 {KF729664), segment 8 (KF729667}, segment 9
{KF729675), segment 10 {KF729677), and segment 11 {KF729684} (96}. The constructs were synthesized
by Invitrogen GeneArt on either pMK-RQ {kanamycin resistance}, pMA-RQ, or pMA-T {ampidillin resist-
ance} vectors. RF strain NSP3 constructs RBM, T2A-RBM, RBD, and T2A-RBD were ordered as gene frag-
ments from Invitrogen GeneArt and cloned into pT7-NSP2SA11 expression plasmid {(Addgene ne. 89169}
after the NSP2 ORF was removed using Smal and Sall restriction enzymes. All plasmids were amplified
by transformation into chemically competent £. coli DH5a, except for the RF VP7 enceding plasmid for
which DH108 cells were used, and purified using Qiagen Plasmid Midi Kit {Qiagen) according to the
manufacturer’s protocol. The presence and the size of the mutation in each plasmid were verified by
Sanger sequencing (GATC Biotech or Genewiz, Germany) using primers listed in Table 2. Sequence
results were analyzed in SSE v1.2 software (102).

In vitro transcription and translation assay. Coupled in vitro transcription and translation reactions
were carried out using the Promega TnT Coupled Reticulate Lysate System labeled with radicactive [¥S]
methionine {PerkinElmer Inc) according to the manufacturer’s protocol. Briefly, TnT reactions were set
up as follows: 8 ul T™nT mix, 1 uCi [*SImethionine, and 200 ng plasmid DNA, made up to 10 uL with
H,O. Mixes were prepared on ice before reactions were incubated at 30°C for 90 min. The reactions were
denatured in 8.5 uL of 2 Laemmli buffer (65.8 mM Tris-HC| [pH 6.8], 100 mM DTT [pH 6.8], 2.1% sodium
dodecyl sulfate [SDS], 26.3% [wit/voll glycerol, 0.01% bromophenol blue} and boiled for 10 min at 95°C.
Samples were analyzed using SDS-PAGE and autoradiography.

Autoradiography of dried polyacrylamide gels. Gels were fixed in gel fixing solution {50% [vol/
vol] methanol in water with 10% [vol/vol] acetic acid} on a rocker for 45 min with the gel fixing solution
being replaced every 15 min. Fixed gels were transferred onto 3MM Whatman filter paper (Scientific
Laboratory Supplies}, covered with cling film and dried in a gel dryer {model 543; Bio-Rad) by heating up
to 80°C for 2 h under vacuum. Dried gels were placed in a sealed cassette with an X-ray film (Fisher
Scientific) overnight. X-ray films were developed using a Konica SRX-101A X-ograph film processor fol-
lowing manufacturer’s protocol.

Reverse genetics system. Viruses were rescued using a combination of the protocels described by
Kanai et al. (42) and Komoto et al. (43}, with slight modifications. At 70% confluence, monolayers of BSR-
T7 cells in 6-well plates were cotransfected with 11 plasmids corresponding to each RV genome seg-
ment (2.5 ug for plasmids encoding NSP2 and NSPS; 0.8 ng for the remaining plasmids} and plasmids
encoding two vaccinia virus capping enzyme subunits {pCAG-D1R and pCAG-D12L: 08 ug each) using
16 ulL Lipofectamine 2000 {Invitrogen)} per transfection reaction in a total volume of 200 uL of Cpti-MEM
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TABLE 3 SARS-CoV-2 spike amino acid sequences selected for insertion (61, 98, 99) into the hypervariable region of SA11 VP4 and tagging of

RF NSP3¢
SARS-CoV-2 peptide
insertions Amino acid sequence (N to C terminal)
SA11 VP4 construct
HR2 EIDRLNEVAKNLNESLIDLQELGKYEQY
NTD KSFEIDKGIYQTSNFRVY
RBM.1 SNNLDSKVGGNYNYLYRL
RBM.2 FRKSNLKPFERDISTEIYQAGS
RF NSP3 construct
RBM NSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPY
T2A_RBM EGRGSLLTCGDVEENPGPNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPY
RBD LCPFGEVFNATRFASYYAWNRKRISNCVADYSVLYNSASFSTFKCYGYSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKL
PDDFTGCVIAVWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLOSYGFQPTNGVGYQPYRVVVL
SFELLHAPATVCGP
T2A_RBD EGRGSLLTCGDVEENPGPLCPFGEVFNATRFASYYAWNRKRISNCVADYSVLYNSASFSTFKCYGYSPTKLNDLCFT

NVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPC

NGVEGFNCYFPLQSYGFQPTNGYGYQPYRVYVLSFELLHAPATVCGP

“Sequence of the T2A peptide (66) is underlined.

{Gibco}. After 24-h incubation at 37°C 5% CO,, MAT04 cells {1 x 10° cells/well} were added to transfected
BSR-T7 cells and cocultured for 4 days in FBS-free DMEM supplemented with 0.5 pig/mL porcine pancreatic
trypsin type IX. Cocultured cells were then lysed three times by freeze/thaw and lysates were incubated
with trypsin at a final concentration of 10 g/mL for 30 min at 37°C 5% CO, to activate the virus. Lysates
were then transferred to fresh MA104 cells in T25 flasks and incubated at 37°C 5% CO, for 1 h. After
adsorption, MA104 cells were washed and cultured in FBS-free DMEM supplemented with 0.5 ug/mL por-
cine pancreatic trypsin type IX for up to 7 days or until complete cytopathic effect was chserved. Cells
were then lysed three times by freeze/thaw, pelleted at 3,220 x g for 30 min and virus-containing superna-
tants (P1 stocks) were aliquoted and stored at —80°C. To generate mutant SA11 or RF mutant viruses, plas-
mids encoding either the SA11VP4 or RF NSP3 gene segment were replaced with corresponding plasmids
encoding SARS-CoV-2 spike epitopes. Mock preparations with the mutated segment omitted were gener-
ated for use as negative controls throughout. All rescue experiments were performed three times for each
virus panel. NSP3 mutants were passaged in cells up to five times maintaining stable transgene expression
{confirmed by Sanger sequencing, data not shown). The panels of viruses were titred by plaque assays,
and the presence of mutations in the target gene segments was confirmed by RT-PCR and Sanger
sequencing {GATC Biotech or Genewiz, Germany) as described below. Properties of mutant viruses are
summarized in Table 1.

RT-PCR. RNA was purified from viral stocks using the spin protocol of the GlAamp Viral RNA minikit
{Qiagen} followed by RQ1 RNase-Free DNase treatment (Promega) to remove possible plasmid contamina-
tien according to the manufacturer's specifications. cDNA was synthesized with SuperScript Il Reverse
Transcriptase (RT} kit {invitrogen) using 5 uL RNA and 1 zL random hexamer primers (10 M} {Invitrogen}
according to the manufacturer's protocol. PCR was then used to amplify acoss the regions containing the
SARS-CoV-2 spike epitopes in SA1T1 VP4 or RF NSP3 with primers listed in Table 2 {amplicon product sizes:
~12 10 1.6 kbp). Using the Q5 High-Fidelity DNA polymerase PCR Kit (New England BiolLabs) for SA11 VP4
and Platinum Tag DNA polymerase {Invitrogen) for RF NSP3, PCRs were set up according to the manufac-
turer's instructions in a T100 Thermal Cycler {Bio-Rad). SA11 VP4 PCR conditions were 1 cycle of 98°C for
30 sec, followed by 35 cycles of 20 sec at 98°C, 20 sec at 52°C, and 2 min at 72°C, finishing with a 2 min incu-
bation at 72°C. RF NSP3 PCR conditions were 1 cycle of 5 min at 95°C, followed by 35 cycles of 30 sec at
95°C, 30 sec at 55°C, and 2 min at 72°C, finishing with a 5-min incubation at 72°C. PCR product length was
confirmed by 0.8% agarose gel electrophoresis containing SYBR Safe DNA Gel Stain and gels were imaged
using the Odyssey XF imaging system (LI-COR). Analyses were performed with Image Studio Lite software
{LI-COR}. The presence of sequence insertions was confirmed by sequencing at GATC Biotech or Genewiz,
Germany using primers listed in Table 2. Sequence results were analyzed in SSE v1.2 software {102},

Plaque assay. Plaque assays for RV infectivity were performed using adapted methods (103, 104}. In
brief, confluent monolayers of MA104 cells in 6-well plates were washed with FBS-free DMEM and
infected with 800 ulL of 10-fold serially diluted virus for 1 h at 37°C 5% CO.,. Following virus adsorption,
2 mL/well overlay medium was added (1:1 ratio of 24% Avicel [FMC Biopolymer] and FBS-free DMEM
supplemented with 0.5 ug/mL trypsin type IX} and incubated for 4 days. Cells were then fixed for 1 h
with 1 mLwell of 10% neutral buffered formalin {CellPath) and stained for 1 h with 0.1% Toluidine blue
{Sigma-Aldrich} dissolved in H,0.

Multistep virus growth kinetics. To compare growth kinetics of WT and mutant viruses, mono-
layers of MA104 cells at 70% confluence in 24-well plates were infected in technical triplicate with
viruses at a multiplicity of infection {(MGI) of 0.03 PFU/cell. A low MGI of 0.03 was selected to permit mul-
tiple cycles of infection. After 1 h, cells were washed three times with FBS-free DMEM and cultured with
FBS-free DMEM supplemented with 0.5 ug/mL trypsin type IX. Viral supernatant and whole cell lysates
were harvested at 1, & 16, 24, 32, and 48 h postinfection {hpi} and frozen at —80°C. Virus titers were
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TABLE 4 Primary and secondary antibodies used in this study?

Journal of Virology

Clonality/host species

Antibody Catalog no. {supplier) or conjugate Dilution Used in
Primary antibody
RV VP& Ab181695 {(Abcam) Monoclonal/mouse 1in 1,600 Western blotting Immunofluorescence
Alpha-tubulin NB600-506 {(Novus Biologicals) Monoclonal/rat 1in 5000  Western blotting
SARS-CoV-2 Spike Protein  DA123 {(MRC protein phosphorylation Polyclonal/sheep Tin 100
and Ubiquitylation unit, Dundee)
SARS-CoV-2 Spike RBD PA5-114451 {Invitrogen) Polyclonal/rabbit 1in 1060 ELISA
1in 1,000 Immunofluorescence
1in 1,000  Western blotting
Secondary antibody
Donkey anti-mouse A32766 {Invitrogen) Alexa Fluor 488 1in 1,000 Immunofluorescence
Donkey anti-mouse 926-32212 {LI-COR) Alexa Fluor 800 1in 10,000 Western blotting
Goat anti-rat 926-68076 {LI-COR) Alexa Fluor 680 1in 16,000
Rabbit anti-sheep SA5-10060 {Invitrogen) Alexa Fluor 800 1in 10,000

“RY, rotovirus.

determined by plague assay. Whole cell lysates harvested in 350 ulL buffer RLT (Qiagen) were used to
determine the RNA concentration by quantitative RT-PCR (RT-qPCR} {see below) and lysates harvested in
100 ulL 2x Laemmli buffer were used to analyze protein expression by Western blotting as described
belowr.

Viral RNA extraction and quantification by RT-gPCR. Primers for RT-qPCR targeting segments VP1
{SA11 and RF), VP4 {SA11), and NSP3 (RF} were designed using SSE v1.2 and OligoCalc software {102,
105) {Table 2).

RNA was extracted from infected cell lysates using RNeasy minikit {Qiagen} with an on-column
DNase treatment {Qiagen} to remove possible DNA contamination according to manufacturer’s specifi-
cation. The extracted RNA was dissolved in 20 ul nuclease-free water {Qiagen) and stored at —80°C.

To quantify total RNA levels of each segment relative to WT from time course experimenis, one-step
RT-qPCR was performed using SensiFAST SYBR Lo-ROX One-Step Kit {Meridian Bioscience) with 2 ul of
RNA samples according to the manufacturer's protocol on a Rotor-Gene G apparatus {Qiagen} using pri-
mers listed in Table 2. RT-qPCR cycling conditions were: 45°C for 10 min for reverse transcription, 2 min
at 95°C, followed by 40 cycles of 10 sec at 95°C and 30 sec at 60°C. The conditions then increased from
50°C to 99°C at 1° increments to generate a melting curve to confirm specific amplification of each gene.
For relative expression of each gene, the results were analyzed according to the 2 *“* method {106).
Average threshold cycle (C)) values of each gene were normalized to WT at 8 hpi (when RNA was first
reliably detected for VP1, VP4, and NSP3), and the resulting AC; values were adjusted for primer effi-
ciency. Three independent experiments were performed in technical duplicates.

To quantify the RNA copies of corresponding gene segments in mutant viruses for RNA:PFU ratios,
RNA from cDNA (approximately 100 ng} of each gene segment was synthesized using a MEGAscript T7
transcription kit {Invitrogen) followed by TURBC DNase treatment {Invitrogen} and a cleanup with
MinElute PCR purification kit {Qlagen} according to manufacturer's instructions. The extracted RNA was
dissolved in 10 uL nuclease-free water {Qiagen) and stored at —80°C. RNA was measured using Qubit
RNA broad range assay kit {Invitrogen)} and serial dilutions of RNA were used as standards in one-step
RT-qPCR. A ratio of the transcript copy number of each gene segment in the mutant viruses to virus titer
was calculated and normalized to WT. Three independent experiments were performed in technical trip-
licates with the standard done in duplicate.

The PCR efficiency (E} of each primer pair set was established by measuring serfal dilutions of cDNA
of each segment in triplicate and calculated based on the slope of the standard curve according to the
formula E = [100 V=oP9 1] x 100 (107). Threshold cycle (C;} values equivalent to mock samples and non-
template control were considered to be negative.

Western bklotting. Whole cell lysates harvested in 2 Laemmli buffer from time course infections
were bolled at 95°C for 10 min. Proteins were separated by SDS-PAGE on 10% or 4 to 20% Mini-
PROTEAN TGX Precast Protein Gels {Bio-Rad) according to the manufacturer's instructions. Proteins were
transferred onto a 0.2 um Cytiva Amersham Protran Nitrocellulose membrane (Fisher Scientific) and
blocked with 2% horse serum in 1x Tris-buffered saline {20 mM Tris, 150 mM NaCl, pH 7.6} containing
0.01% Tween 20 detergent (Sigma-Aldrich} (TBS-T} for 1 h at room temperature. Membranes were then
probed with primary antibodies diluted in 2% horse serum/TBS-T and incubated overnight at 4°C with
agitation (Table 4). After three 5-min washes with TBS-T, membranes were incubated for 1 h at room
temperature with secondary antibodies diluted in TBS-T {Table 4). Following three 5 min washes with
TBS-T, membranes were imaged using an Odyssey XF imaging system (LI-COR). Analyses were per-
formed with Image Studio Lite software (LI-COR}.

Virus purification and electrophoretic analysis of dsSRNA and protein. Virions were semipurified
from SA11 and RF RV stocks using ultracentrifugation as described previously {103). Briefly, for RNA visu-
alization, 50 mL of clarified RV stock was pelleted through a buffered 25% {(wt/vol) sucrose cushion
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{100 mM NaCl, 10 mid Tris-HCl [pH 71, 1 mb EDTA} using a SW32T! rotor in a Beckman Couiter Optima
Meax-£ ultracentrifuge at 106,750 x g for 90 min at 4°C. Viral peliets were resuspended in 350 ui ouffer
RLT containing 3.5 wl B-mercaptoethanal (Sigma-Aldrich) and dsRNA was extracted using an RNeasy
minikit as deseribed above. Purified RNA was treated with RNase A {Thermo Scientific) for 30 min at 37°C
to specifically degrade single-stranded RNA and retain viral genomic dsRNA.

Extracted dsRNA was separated using 5% urea polyacryiamide gels in 1 Tris-borate-EDTA {TBE}
buifer (82 ma Tris-borate, 2 mM EDTA [pH 830 Gels were fixed in gel fixing sciution (30% [voifvol:
methano! in 1x TBE buffer with 10% vol/vol] acetic acid) and ANA was visualized using the Silver Stain
Pius Kit {Bio-Rad} according to the manufacturer’s instructions. Gels were dried onto filter paper and
imaged using a Samsung Xpress CA80FW scanner.

To visualize vira! proteins of VP4 mutants, 25 ml of clarified RY stock was used for witracentrifugation
55 described above. Viral pellets were vesuspended in Tx TNC buffer {20 mM Tris-HCl [pH 8], 100 mM
NaCl, 1 M CaCl} and mixed 111 with 2« Laemmii buffer followed by SDS-PAGE using 4 to 20% Mini-
PROTEAN TGX Precast Protein Gels and staining with Coomassie briiliant blue ?-250 (Bio-Rad) according
to manufacturer's instructions. Gels were imaged using the Samsung Xpress C480FW scannern
Quantification was performed by densitornetry of scanned gel images using Image 1. Values were cor-
rected for background noise and normalized to those of the WT virus.

Indirect-binding ELISA. To determine the antigenicty of viruses expressing SARS-CoV-2 peptides,
200 ol of efther viral supernatant (VP4 mutantsy or cell lysate {NSP3 mugants) grown in the presence of
vypsin (which cleaves VP4 inte VPS* and VPB*, resulting in enhanced infectivity} {20} diluted n 0.1 M
carbonate-bicarbonate buffer [pH 2.6] {Sigma-Aldrich) was immobilized on clear 26-well ELISA plates
{Greiner 8io-One) and incubated overnight at 2°C with agitation. Following two washes with PBS con-
taining 0.05% Tween 20 detergent {(PBS-T) using a Blochrom Asys Atlantis microplate washer {Scientific
Laboratory Supplies), piates were biocked with 2% horse serurn/P3S at room temperature for 2 h. After
blocking, plates were incubated with 100 zl/well primary antibody {Table 4} diluted in 2% horse serum/
PBS overnight at 4°C with agitation. Plates were then washed six times with PBS-T and incubated with
horseradish peroxidase-conjugated goat anti-rabbit [gG (H+ L} {1:2,000) {(Bio-Rad) diluted in 29% herse se-
i/ PBS for T at room temperature with agitation. After 1 h, plates were washed three tires with
PBS-T and incubated with 2,2"-azino-bisi3-ethylbenzothiazoline -6-suiforic acid} (Sdentific Laboratory
Supplies) substrate to allow the oolor to develop after which the reaction was terminated by adding
70 ul perdwell of 1% SDS solution. The optical density (D) was measured at 405 nm using Cytation 3
Cell Imaging Muiti-Mode Reader {Agiient) and data was analyzed using BioTek Gens sofiware (Agilent).
Three independent experimernts were performed with standards dene n trinlicate. For a nositive control,
influenza A virus {{AV} strain A/Puertc Rico/8/ 1934 (PRE} was tagged with the same RBM sequence of the
SARS-CoV-2 spike protein n the hemaggiutinin (HA) protein {generated and validated in-house, unpub-
lished data}. The RBM seguence was inserted (Dy gene synthesis; between the Cterminal end of the HA
signal peptide and the start of the head domain (between codons 17 and 18), placing the RBM sequence
on the amino-terminus of the HA, molecule. This strategy was adapted from Li et al. {108}, who suocess-
fully introduced large volypeotides {up to 140 amine acids) from Bacillus anthracis nto 1AV Alchl strain
at this pesition. The synthetic constructs were cioned into a medified pHW2000 plasmid containing
bidirectional RNA polymerase | and il promoters (109} and used for virus rescue as previously described
(116, 111y

Infection of bovine enteroids with NSP3 mutanis. 30 bovine entercids were prepared as described
in Hamitton et al. {112}, Infection of ergancids was carried out as described by Derricett et al. (70; and Blake
et & {113} with medifications. 30 organoids were mechanicaily disrupted nto multiceliular fragments by
pipetting fo expose the apical surface of the celis in 80% of the entercids. The sheared enteroids were
counted usihg a bright-field microscope and diluted to the final concentration of 2,500 entercids/well. fach
entercid was estimated to contain approximately 40 cells as described by Blake et al. (113). The sheared
enteroids were then diluted to the appropriate concentration with IntestiCuit Crgancid Growth Medium
{57t L Technologies) supplemented with 10 uM ROCK pathway inhibitor (Cayraan chemicals), 10 uM
Galunisertib {Cayman Chernicals), and 10 ud 038 inhibitor {Enzo} and aliquoted into 15 mi falcon wbes for
each condition. The enteroid fragment suspension was infected with N3P mutants at an approximate MO
of 10 and Tmoubated for T h at 37°C After 1 h, the entercidvirus suspension was cenitrifuged &t 48 x g for
2 min and washed five times by replacing the supematant with equal volumes of fresh nfestiCult. Entercid
pellets were then resuspended in the appropriate volume of intestiCult and 500 xL slated onte Coming
Matrige! (Scientific Labomtory Supplies) coated coversiips in a prewarmed 24-well plate.

Immuncfiuorescent staining of bovine enteroids. Enteroids were fixed at 1 and 24 hpi with 4%
paraformaldenyde for 1.5 h at 4°C with agitation. Foliowing three washes with PBS, enteraids were per
meabilized with G.5% Triton X-100 in PBS for 15 min and then biocked with 2% horse serum in P35S for
1h, all
4°C with agitaticn and then washed three times with PBS and incubated with secondary antibodies
(Table 4} and phalioidin (F-actin detection} {1:100) (Invitrogen; for 1 h at room temperature. All antibod-
ies were diluted in 2% horse serum/PBS. Enteroids were then washed with PBS three times with the add-

at room temperature. Enteroids were inoubated with primary antibodies (Table 4) overnight at

tion of 47 &-diamidino-2-phenylindcle (DAP) nuclear stain (1:5000} {Invitrogen) for the final 10 min wash.
Coverslins were rinsed in water, mounted onto microscope siides Thevme Scientific with Prolong Gold
Antifade Mountant {Invitrogen; and imaged using a Zefss LSM 710 confocal microscope at » 630 magnifi
cation. Images were analyzed using the Zen Black software and processed using Photoshop w2311,
Statistical analysis. GraphPad Prism v9 was used for ail statistical analyses. Oata are presented as
mean and standard deviation from three independent experiments with technical duplicates unless
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otherwise stated. P values were determined by ratio paired t test and were considered statistically signif-
icant at <<0.05, unless data were normalized in which case paired 1 tests were used.
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4.5 Conclusion

In this study, two RV strains, SA11 and RF, were used as viral vaccine vectors to
express different SARS-CoV-2 spike peptides. Recombinant viruses were generated using
the established reverse genetics system for the bovine strain RF (see Chapter 3). The main
findings from this study were: i) peptide expression by SA11 VP4 resulted in reduced viral
titres and RF NSP3 demonstrated a limit to the length of additional sequences it can
accommodate and ii) SA11 VP4 did not show any cross-reactivity with SARS-CoV-2
antibodies in ELISA whereas cross-reactivity was observed with RF NSP3, highlighting the

potential of this system for the expression of foreign peptides.

There were some limitations to this study. Firstly, the small SARS-CoV-2 spike
peptides expressed by SA11 VP4 did not include other potential neutralising antibody targets
present on the full-length spike. On the other hand, tagging of RF NSP3 with large SARS-
CoV-2 spike peptides affected the viral rescue even in the presence of the helper plasmids
expressing VV capping enzyme. To further optimise the reverse genetics efficiency,
introducing the ASFV capping enzyme, NP868R, could improve the viral protein expression
and enhance the viral rescue as demonstrated by other studies [290, 291, 299, 396]. Sanchez-
Tacuba et al., (2020) also showed that using a genetically modified MA104 cell line in which
some components of the innate immunity were inhibited, enhanced the replication of different
RV strains [292]. Future experiments could include a more efficient capping enzyme as well
as a genetically modified MA104 cell line for virus propagation to facilitate expression of larger
heterologous peptides with less impact on the viral rescue efficiency. Furthermore, RV
constructs containing heterologous inserts above a certain size were previously shown to be
genetically unstable upon five serial passages in cell culture [299]. In this study, although RF
NSP3 was genetically stable up to three passages in cell culture, there was a limit to the length
of foreign sequence it could accommodate. Thus, the size of the foreign peptides should be

carefully considered in the future.

While the bovine enteroids are more physiologically representative of the intestinal
epithelium than the commonly used cell-lines, this model still remains a reductionist approach
for the study of host-pathogen interactions. Unlike the avian apical-out enteroids that contain
the components of the immune system [397], the 3D basal-out bovine enteroids used in this
study lacked immune cells. Previous studies showed that infection of human intestinal
organoids with RV and SARS-CoV-2 predominantly induced a type | and Il IFN responses
[398, 399]. Although, the presence of antiviral cytokines, such as IL-6, IL-8, TNF-a, TGF and

IFN-y, has been characterised [400], the expression of the immune cell repertoire would need
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further investigation if the immune response (innate or adaptive) to SARS-CoV-2 peptides was
to be assessed in this system. Several protocols have been established to co-culture
organoids with microbiome [401] and different types of immune cells, such as T lymphocytes
[402] and macrophages [403], as well as to replicate the peristaltic-like motility in vitro [404],
all of which better represent the gut microenvironment. Therefore, future studies could
investigate the presence of enteric immune cells in the bovine enteroids to elucidate the effect
they may have on the outcome of RV and SARS-CoV-2 infections. Notably, the bovine
enteroids could recapitulate in vivo observations of vaccine attenuation as seen by attenuated
replication of the Rotarix vaccine strain in human intestinal organoids that was not observed
in MA104 cells, suggesting a useful system for testing the attenuation of other candidate RV
vaccines [89]. Additionally, monoclonal antibodies targeting the VP8* domain of RV VP4, that
were previously found to be non-neutralising in the traditional MA104-based assays efficiently
neutralised human RV infection in human intestinal organoids [42]. Thus, this system could
also be utilised for detection of anti-RV neutralisation responses that may have been missed

in the conventional MA104 cell lines.

Despite the above limitations, this study’s findings present many advantages and
potential downstream applications of RV as an expression platform for next-generation
vaccines against SARS-CoV-2. Table 13 summarises several characteristics of selected
currently licenced SARS-CoV-2 vaccines compared with the most commonly used RV

vaccine, RotaTeq.

Although current licenced SARS-CoV-2 vaccines offer effective protection against
severe disease and mortality, several new variants of concern with acquired mutations within
the RBD have led to increased transmissibility and immune escape [405]. Therefore, the
duration of protective immunity from first-generation vaccines against the new emerging
SARS-CoV-2 variants of concern could be diminished [406]. Different strategies have been
employed to increase the efficacy of current vaccines such as vaccination with a booster dose
and developing variant-specific or multivalent vaccines [407-409]. Thus, the RV vector could
be utilised to express a combination of RBD epitopes from multiple strains to induce a broad
SARS-CoV-2 immune response against the emerging variants of concern. However, the high
mutation rate of the SARS-CoV-2 genome would require an update of the vaccine analogous

to the seasonal influenza vaccine strategy [410].

Breakthrough infections in fully vaccinated individuals have been associated with poor
or absent mucosal immunity, which is critical for blocking SARS-CoV-2 infection and disease

progression [405]. Several studies have demonstrated that the first-generation SARS-CoV-2
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vaccines were unable to elicit effective mucosal immunity in the upper respiratory tract [405,
411, 412]. Recent reports have shown that many mucosal vaccine candidates have entered
clinical trials in response to the weakening of SARS-CoV-2 vaccine-induced immunity [413].
Therefore, generating a combined RV-SARS-CoV-2 live-attenuated oral vaccine could induce
strong cellular and humoral immune responses [320]. In particular, orally administered
vaccines would be more suited for use in rural areas, especially in low- and middle-income
countries, due to their capability for long-term storage at refrigeration temperature compared
to the ultralow-freezer temperatures required for mRNA vaccines. In contrast to the
intramuscular injection of the current vaccines, oral vaccines could improve accessibility by
eliminating the need for sterile needles thereby reducing manufacturing costs. RV vaccines
could also be administered to children under the age of 6 months and without the need for
adjuvants, which could reduce the infectious disease burden in early childhood in countries
with high SARS-CoV-2 related deaths [388].

The RV vaccine expression platform has the potential for development of a safe and
effective vaccine that could elicit a protective mucosal immune response, as well as help to
overcome some challenges of vaccine distribution to low- and middle-income countries.
Additionally, the RV-based combination vaccine could be amenable to other enteric pathogens

and deployed in countries where child mortality is associated with comorbidities.
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Table 13 Characteristics of selected licenced SARS-CoV-2 vaccines versus RV RotaTeq vaccine

Vaccine | Vaccine Immune . Vaccine . Booster
Manufacturer Species ] Dose (route) | Storage | Population ]
name type response efficacy* required
Pentavalent | IgG and IgA, T Human- 3dosesat?2,4 | 24
RotaTeq ) _ _ _
Merck 224] live- cell immunity bovine 98% and 6 months | months at | <6 months | No
attenuated | (Th1) reassortant (oral) 2-8°C
) 2 doses 4 -12
Vaxzevria 9 months
AstraZeneca Non- 74% weeks apart
[414] o . at 2-8°C
replicating Rhesus (intramuscular) = 18 years
adenovirus- macaques 6-9 old
Jcovden 1 dose
Janssen vector 67% _ months at
[415] Neutralising (intramuscular) 0.8°C
antibodies (IgG)
) 2 doses 28
Spikevax and T cell
Moderna _ ) 94.1% days apart 6 months
[416] immunity (Th1- _ Yes
. (intramuscular) | at -25°C;
mRNA skewed specific = 6 months
. 2 doses 21 30 days
_ Comirnaty CD4+ and
BioNTech 95% days apart at4°C
[417] CD8+) N/A .
(intramuscular)
Spike
. ) 2 doses 3
Nuvaxovid | protein 9 months | =12 years
Novavax o 89.7% weeks apart
[418] subunit with _ at2-8°C | old
) (intramuscular)
adjuvant

*Based on overall vaccine efficacy from Phase lll clinical trials.
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Chapter 5: Analysis of potential
accessory gene products expressed by
the bovine RV strain RF




5.1 Background and Aims

RNA viruses have very compact genomes and rely on the host translational machinery
for viral protein synthesis. To maximise their coding capacity, RNA viruses utilise various non-
canonical translational mechanisms that facilitate access to multiple, often overlapping ORFs.
Examples of such mechanisms include the use of IRESs, ribosomal leaky scanning, non-AUG
translation initiation (e.g. CUG, GUG and UUG) and ribosome re-initiation (Figure 5.1) [59,
419, 420]. Thus, by exploiting the host’s translational regulatory mechanisms, RNA viruses
can express several proteins, including accessory proteins, from a single mRNA transcript
during infection. Although non-essential, viral accessory proteins can play important roles in
immune evasion (e.g. ORF7a of SARS-CoV-2 [421]), virulence (e.g. PR8 PA-X of IAV [57])

and/or transmission (e.g. protein UP of enteroviruses [422]) [423].

Based on the conventional cap-dependent model of translation initiation, the 40S
ribosomal subunit is recruited to the 5’-end of MRNA and scans along in a 5’ to 3’ direction
until encountering a start codon (AUG) [424]. The efficiency of initiation at a potential AUG
codon is modulated by the context of its flanking Kozak motif [328, 425, 426]. According to
Kozak, the strength of the AUG codon is particularly dependent on the nucleotides at positions
-3 and +4 relative to the AUG codon (A of the AUG is designated as +1) [425]. If an AUG is
flanked by the nucleotide sequences — GCCRCCAUGG - (R represents purine) it is
considered to be strong, diminishing to moderate when either A/G is present at -3 or when G
is present at +4, and AUG sites with neither the A/G at -3 nor the G at +4 are considered weak
[425].

A transcript with a weak or moderate AUG start site can induce ribosomal leaky
scanning [59, 427]. For example, one of the accessory proteins encoded by IAV segment 2,
PB1-F2, is accessed by leaky scanning and modulates the host immune response,
contributing to viral pathogenesis in mice [428-430]. For Andes virus (a hantavirus), leaky
scanning produces both the nucleocapsid protein and an additional non-structural protein from
a single small mMRNA whose relevance during viral replication has not yet been described
[431].

For some viruses within the Sedoreoviridae family, overlapping ORFs have been
identified. The bicistronic S1 gene segment of mammalian reovirus encodes the o1 protein
and also a second protein, g1s, which is translated from the first-out of frame start codon and
plays a role in pathogenesis and virulence [432-434]. Similarly, the M3 gene segment of

reovirus encodes a second non-structural protein, uNS, translated from a downstream in-
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frame AUG codon that is important for viral inclusion body formation in which RNA replication,

assortment, and packaging converge for particle assembly [435-437].

In most RV species A, segment 11 contains an overlapping ORF that leads to
expression of two non-structural proteins, the main product NSP5 and an additional NSP6
polypeptide probably accessed by leaky scanning [45, 60]. NSP6 has been proposed to
localise to viroplasms (sites of RV replication) through its interactions with NSP5 and NSP2
[62]. Mice infected with NSP6-deficient virus still exhibited diarrhoea but viral replication and
pathological changes were impaired [66]. Gene segment 7 of some RV strains including SA11
possesses two in-frame initiation codons where the canonical AUG has a suboptimal Kozak
context, thus facilitating expression of two polypeptides in a cell-free system [72, 73]. In
species B RVs, gene segment 5 contains two overlapping ORFs which were predicted to
encode putative proteins NSP1-1 and NSP1-2, where NSP1-1 mediates fusion and syncytium

formation, while the role of NSP1-2 has not been characterised [75].

Besides the Kozak context surrounding the first AUG codon, the distance of the AUG
to the 5’ end or to a preceding AUG codon can also promote the mechanism of leaky scanning
[438, 439]. In murine norovirus, translation of a virulence factor 1 from an overlapping ORF
initiates at the third AUG codon, 13 bases downstream of first AUG and 7 from the second,
despite the second AUG occurring in an optimal Kozak context [440]. The bicistronic segment
6 of influenza B virus encodes two proteins from overlapping ORFs, canonical NB and an
additional protein NA, from a downstream AUG codon located only 4 nucleotides away from
canonical AUG which is 5 nucleotides from the 5’ end [441]. Additionally, ORFX in genogroup
| of astroviruses, overlaps the 5’ region of the capsid-encoding ORF2 and is predicted to be
translated via ribosomal leaky scanning, possibly enhanced by the very short leader sequence
[58]. The 5" and 3’ UTRs of RV genes vary in length, with the shortest 5’ UTR found to be only
9 nucleotides in the gene segment encoding VP4 (see Introduction, Figure 1.3). Thus, the
close proximity of an AUG codon to the 5" end of the transcript can promote leaky scanning
as it is less efficiently recognised by the ribosome with efficiency diminishing as the 5" UTR

length decreases below 30 nucleotides [438].

The presence of a short upstream ORF may stimulate a mechanism of ribosome re-
initiation where the 40S subunit can resume scanning and re-initiate translation at a
downstream ORF, thus bypassing intervening AUG codons [442]. Indeed, Wise et al., (2011)
showed that translation from segment 2 mRNA of IAV to produce multiple polypeptide species
was regulated by a combination of ribosomal leaky scanning and translation re-initiation [443].

The initiation codon for ORF3 in the feline calicivirus genome is positioned close to the
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termination codon of ORF2 and is translated via re-initiation after translation of ORF2 [444,
445]. This is thought to occur through interaction of the 40S ribosomal subunit with the
termination upstream ribosome-binding site (TURBS) sequence in the viral mRNA that tethers
the translation initiation factor elF3 to the mRNA [446]. A similar mechanism is used by
influenza B virus for the translation of the bicistronic segment 7 where the coding sequences
for M1 and BM2 products overlap and translation initiation of BM2 depends on the presence
of TURBS [447].

Although AUG codons are preferred, several examples have been identified where
multiple proteins are translated from a single transcript that involve initiation at non-AUG
codons [442, 448]. Examples of viruses that employ this approach include the Sendai virus
that utilises an in-frame ‘ACG’ to initiate translation of the C’ protein (N-terminal extension of

C), and human parainfluenza virus 1 translates its C’ protein from a ‘GUG’ codon [449, 450].

Other mechanisms involving cis-acting RNA structural elements, called IRESs,
presented to the ribosome can support translation of viral MRNAs in cap-independent manner
[420]. There are four different classes of IRESs each differing in their mechanism of internal
translation initiation [451]. The picornavirus type | IRES found in poliovirus spans the 5 UTR
of 743 nucleotides and promotes efficient translation initiation in the absence of cap but require
all other initiating factors [452]. Whereas class | IRES of human rhinovirus 2, under some
circumstances, can initiate translation of downstream AUGs without scanning where the
ribosome is loaded onto mRNA by direct base pairing [453, 454]. Translation of two in-frame
AUG codons, separated by 84 nucleotides, in the mRNA of the foot and mouth disease virus
(FMDV) (aphthovirus) is driven by class Il IRES present in the long 5’-UTR [455]. It does not
bind the 40S subunit directly and requires almost all canonical translation initiation factors
(except elF4E) as well as trans-acting factors [420]. Some members of the Flaviridae and
Picornaviridae families express class Il IRESs that are found only at the 5’ end of viral RNAs
that directly bind the 40S ribosomal subunit and elF3 using multiple contact points in their
domains [456, 457]. The compact class IV IRES (< 200 nucleotides) can initiate translation on
a non-AUG start codon as it binds the 40S ribosomal subunit directly onto the mRNAs without
the need for scanning or any canonical initiating factors [451]. This IRES is exclusively found
in the intergenic region of the viral genome of the Dicistoviridae family that separates two
ORFs and drives the translation of ORF2 [458].

In silico genomic analysis of species A RVs identified conserved RNA structures at the
5 and 3’ terminal regions of all segments that sometimes extended into the coding region,

suggesting presence of cis-acting functions [50]. Structurally conserved elements such as
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long-range interactions were found in certain RV transcripts encoding proteins VP4, VPG,
NSP2, NSP3 and NSP5 and were further biochemically validated for segment 11 only [50].
This raises the possibility that the translation initiation of some RV proteins could potentially

be mediated through presence of IRES elements.

In addition to the translational regulation at initiation phase, non-canonical translation
mechanisms that act during elongation and termination have also been identified in RNA
viruses and include ribosomal frameshifting (e.g. pp1ab of mouse hepatitis virus [459]), stop
codon read-through (e.g. non-structural protein of Sindbis virus [460, 461]) and stop-carry on

mechanisms (e.g. segment 6 of species C RV [77]) [59].

Many RNA viruses have evolved various non-canonical translation strategies to
express multiple protein isoforms from a single viral transcript that can enhance viral
replication and pathogenicity. Based on the existing evidence for the expression of additional
polypeptides in other viruses and in RVs (described in more detail in Introduction), this chapter
aimed to identify potential accessory proteins in the genome of bovine RV strain RF. To test
this, in vitro methods using RF plasmids and bioinformatic analyses were employed.
Subsequently, the developed reverse genetics system for the RF strain was used to
manipulate the viral genome and examine the potential effects of putative accessory proteins

on viral replication.
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Figure 5.1 Canonical and non-canonical translation initiation mechanisms.

Top panel shows canonical mMRNA translation and examples of non-canonical translation
initiation are shown below. The main ORF is shown in blue in 5 to 3’ orientation. Black
arrows indicate initiation of protein synthesis at the start of an ORF and purple arrows show
synthesis of an alternative product in a non-canonical manner. Expression of an additional
polypeptide is coloured in dark blue. (Adapted from Firth et al., 2012 [59]).
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5.2 Results

5.2.1 Detecting potential accessory proteins encoded by the RV genome

To test the hypothesis that RV segments express additional polypeptides other than
those encoded by the primary ORF, coupled in vitro transcription and translation (IVT)
reactions were carried out with the rabbit reticulocyte lysate system supplemented with 3°S
protein labelling mix and programmed with cDNAs representing RV gene segments (Figure
5.2A). Empty pCDNA3.1 vector was used as a negative control to ascertain a background
signal (Figure 5.2B and C, lane 1). Following detection by SDS-PAGE and autoradiography,
the majority of RF and SA11 gene segments produced polypeptides of the expected product
sizes for the main ORF (Figure 5.2A and B respectively). Translation of RF and SA11 gene
segment 7 (VP7) produced a band of lower than the expected product size of 37 kDa (Figure
5.2B and C respectively, lanes 8). However, the RF NSP5 band migrated more slowly than
expected (Figure 5.2B, lane 12). Additionally, no obvious protein products were detected for
SA11 NSP1 and NSP5 (Figure 5.2C, lanes 6 and 12 respectively). In the case of SA11 NSP4,
a slightly darker background product migrating at around 20 kDa was observed, but no unique

product that could be unequivocally labelled as NSP4 was observed (Figure 5.2C, lane 11).

In addition to the products corresponding with canonical RV proteins, unknown
polypeptide species were reproducibly detected in the RF and SA11 IVT reactions, which
could be indicative of bona fide alternative gene products (Figure 5.2B and C, pink arrows).
However, some unknown bands present in RF VP1 and VP4 translations could be strain-
specific as these were not detected in SA11 reactions (Figure 5.2B, green arrows).
Examination of replicate gels as well as non-radioactive IVT reactions supplemented with a
tRNA charged with biotinylated lysine (data not shown) demonstrated consistent translation of
an additional band in VP1 of ~100 kDa (Figure 5.2B and C, black arrow). Accordingly,

downstream alternative translation initiation was further assessed for VP1.
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Figure 5.2 In vitro expression of RV gene segments.

(A) Schematic of coupled in vitro transcription and translation reactions carried out using rabbit
reticulocyte lysate system supplemented with 35S protein labelling mix. Newly synthesised
proteins were separated by SDS-PAGE and detected by autoradiography. (Created with
BioRender.com). (B) Analysis of 11 plasmids representing RF and (C) SA11 gene segments.
Empty pCDNAS3.1 vector was used as negative control. The molecular weight markers and the
expected product sizes of each segment (in brackets) are indicated (kDa). Main protein
products are highlighted by blue asterisks and pink arrowheads indicate additional
polypeptides. Green arrowheads show products identified only in RF translations and black
arrowheads highlight the VP1 band that was analysed further. Lane numbers are shown.
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5.2.2 Bioinformatic analyses of AUG codons in segment 1

One hypothesis to explain the 100 kDa product identified in the IVT reactions of
segment 1 (VP1) was the result of internal translation initiation from downstream AUGs. To
identify potential candidate AUGs that could be responsible, out of 3,302 nucleotides the first
1,400 nucleotides of segment 1 were analysed, as the scanning efficiency of ribosomes
reduces with increasing length of the mRNA to encounter potential downstream AUG codons
[442]. Based on the observed size of the novel VP1 product and the predicted size of
polypeptides hypothetically derived from internal translation initiation, five AUG codon
candidates: AUG6, AUG12, AUG14, AUG20 and AUG22, were selected from frame 1 for
downstream analysis (Figure 5.3A). No ORF capable of producing a protein product of suitable

length was predicted from frame 2 or 3.

To evaluate the conservation of the identified AUG candidates, all available nucleotide
sequences for VP1 were downloaded from the NCBI viral genome resource and aligned using
SSE software [325, 327]. The dataset was refined by including only the field isolates, thus the
laboratory and vaccine strains were not included in the analysis. Following elimination of poor
quality and fragmented sequences as well as sequences with ambiguous nucleotides, 1,689
sequences were further assessed using R Scripts written by Dr Samantha Lycett and Mr
Marius Diebold (Appendix A, section 8.1). Initially, the presence of AUG codons was recorded
for all sequences, after which the duplicate positions were removed generating a list of all
positions containing an AUG codon. Next, the prevalence of specific AUG codons in all reading
frames was plotted (Figure 5.3B). As expected, the main canonical product expressed by
AUG1 at nucleotide position 19 was 100% conserved. In contrast, the AUG6 at nucleotide
position 214 was poorly conserved and was only detected in 11 sequences (Figure 5.3B,
dashed line). However, the remaining candidate AUGs were 100% prevalent in all sequences

analysed (Figure 5.3B).

The Kozak motif surrounding the AUG codon influences protein translation efficiency
[328, 426]. Thus, all nucleotide sequences from frame 1 were further assessed using R Scripts
to identify the strength of the Kozak signalling. Sequences were categorised into strong (A/G
at -3 and G at +4), medium (either A/G at -3 or G at +4) and weak (neither A/G at -3 nor G at
+4) [328]. For determining the Kozak strength of the canonical AUG, the majority of the
sequences were unassigned due to the absence of the 5° UTR in the published sequences
(Figure 5.4). For those sequences for which it was possible to assign Kozak strength (36.9%),
all sequences had a strong signal except for one that displayed a moderate strength. In the

11 sequences in which AUG6 was present, it was in a strong Kozak context. Moderate Kozak
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signalling was predominant for the remaining candidate AUGs and was over 98% conserved:
AUG12 at 99%, AUG14 at 98.9%, AUG20 at 99% and AUG22 at 98.9%. Weak Kozak
signalling for candidate AUGs was detected in less than 0.5% of the sequences and only

AUG22 had a single sequence with a strong Kozak.

In summary, bioinformatic analyses of segment 1 sequences revealed conserved AUG
codons that may be responsible for the expression of the novel polypeptide present in VP1
translation reactions. Most AUG candidates were almost 100% prevalent in clinical isolates
and had over 98% conserved moderate Kozak signalling context. Despite AUG6 being the
least conserved, it was incorporated into downstream analyses as it was present in the bovine

strain RF genome which was used throughout this part of the study.
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Figure 5.3 Conservation analysis of AUG codons in segment 1 (VP1).

(A) Schematic of ORFs for the first 1400 nucleotides of the 5’ end of VP1 mRNA. The AUG codons in all reading frames
are numbered according to their position and coloured according to the strength of their Kozak context. Green — strong with
A/G at -3 and G at +4; yellow — moderate with either A/G at -3 or G at +4; red — weak neither A/G at -3 nor G at +4. Length
of the boxes correspond to the ORF length. Stars indicate candidate AUGs that may serve as translation initiation sites for
the unknown polypeptide identified in VP1 of ~100kDa. (B) Conservation of AUG codons in three frames from all available
VP1 nucleotide sequences (1,689 sequences analysed) downloaded from NCBI viral genome resource shown as (%).
Nucleotide positions of candidate AUGs are marked and dashed line represents a poorly conserved AUG6 at position 214.
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5.2.3 Mutations of candidate AUGs in RF segment 1

Following identification of candidate AUGs in segment 1 (VP1), site-directed
mutagenesis was performed to determine whether an AUG codon was responsible for internal
translation initiation of the unknown polypeptide of ~100 kDa. Point mutations were introduced
to change the methionine codon at AUGs 6, 12, 14, 20 and 22 to leucine or valine (Table 14).
Leucine and valine were selected from the same hydrophobicity group to minimise the risk of
any detrimental effect on protein folding of VP1 [462]. Subsequently, AUG candidates will be
referred to by their corresponding position within the VP1 protein (Table 14).

IVT reactions were carried out with the VP1 mutant panel following the same method
as described in Figure 5.2. In addition, segment 1 of the bovine RV isolate ZAF strain
(RVA/Cow-wt/ZAF/1603/2007/G6P[5]) was included in the IVT reactions to test if the presence
of the identified unknown polypeptide was specific to the laboratory strains of RF and SA11
[463]. SA11, ZAF and WT RF all produced the canonical VP1 product and the unknown
polypeptide of ~100 kDa, suggesting its conservation across clinical and laboratory strains
(Figure 5.5, lanes 2, 3 and 4 respectively). Furthermore, a stop codon was introduced at
nucleotide position 30, downstream of AUGH1, to check that the annotated band corresponding
to the canonical VP1 product was assigned correctly (lane 5). As expected, in the presence of
a stop codon, the top band was no longer detected, confirming that it corresponded to the
canonical VP1 protein product, while the additional lower bands were still present (lane 5).
Mutation of AUG6 (M66L) suggested that it is required for the expression of the polypeptide
running just below the main VP1 protein product (lane 6). However, this polypeptide was not
identified in SA11 nor in ZAF as they do not encode AUG6, complementing its low
conservation observed in Figure 5.3 (Figure 5.5, compare lanes 2 and 3 to 4). Individual
mutations of AUG12 (M130L) and AUG14 (M146L) showed no effect on the translation of the
unknown polypeptide, although a slight size difference in the band migration in the M146L
translation reaction was observed (lanes 7 and 8). However, mutation of AUGs 12 and 14
together (M130L+M146L) presented a decrease in translation of the unknown polypeptide,
consistent with the unknown band arising from co-migration of two unresolvable products

expressed from the AUG12 and AUG14 codons (lane 9, pink arrowhead).

It is plausible that when the AUG codons 12 (M130) and 14 (M146) were mutated to
CUG, residual translation initiation still occurred in the IVT reactions, explaining why a faint
band remained for these double mutants (lanes 7 and 8). Thus, the AUG codon at these
positions was mutated to GUG (valine) to test whether a clearer effect on the unknown band

of ~100 kDa would be observed. However, mutation of M130V and M146V had no effect on
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the unknown polypeptide and similar to M146L (lane 8), a slight change in the band migration
was seen in M146V (lanes 10 and 11). Additionally, the double mutation of M130V+M146V
displayed similar phenotype as M130L+M146L with a faint band still present (lane 12, pink

arrowhead).

To test whether the remaining AUG candidates, AUG20 (M196) and AUG22 (M213),
affected the translation of the unknown band, leucine mutations were also introduced at these
sites. The expression of the unknown polypeptide remained unchanged by single or double
mutation of M196 and M213, suggesting that the observed band was a result of co-migrating

polypeptides translated from M130 and M146 residues (lanes 13, 14 and 15).

Overall, the data in this section showed that the simultaneous mutation of both AUGs
12 and 14 (M130+M146), to ‘CUG’ (leucine) or to ‘GUG’ (valine), resulted in a decreased
expression of the identified polypeptide. This suggests that two isoforms of VP1 products were
being translated from M130 and M146 as single mutations at these sites had no effect on the
expression of the identified band. Thus, it is likely that the co-migration of the two products

represent the band of ~100 kDa.
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Table 14 Summary of AUG candidates and their respective nucleotide and codon changes
Resulting mutation in the VP1 protein and the corresponding product sizes are shown (nucleotides (nt),
amino acids (aa) and kDa). Introduction of a stop codon is denoted by N/A under the ‘AUG # column.

Nucleotide VP1 ORF size | Product Product
AUG # change Codon change mutation (nt) size (aa) | size (kDa)
N/A T30G UAU — UAG Y4* 3255 1084 120.4
6 A214C M66L 3072 1023 113.6
12 A406C AUG — CUG M130L 2880 959 106.6
14 A454C M146L 2832 943 104.8
12 A406G M130V 2880 959 106.6
AUG — GUG
14 A454G M146V 2832 943 104.8
20 A604C M196L 2682 893 99.2
AUG — CUG
22 A655C M213L 2631 876 97.3
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Figure 5.5 Site-directed mutagenesis of candidate AUGs in segment 1.

IVT reactions were carried out as described in Figure 5.2 and samples were analysed using SDS-PAGE and autoradiography.
Empty pCDNA 3.1 vector was used as a negative control. Segment 1 of the bovine RV isolate ZAF strain (RVA/Cow-
wt/ZAF/1603/2007/G6P[5]) was included to test if the identified unknown polypeptide was specific to the laboratory strains of SA11
and RF. ‘Stop’ represents a construct in which a stop codon was introduced between AUGs 1 and 6 of segment 1 ORF. The positions
of molecular weight markers are shown (kDa) and lane numbers are indicated. The black arrowhead marks the unknown polypeptide
of interest and pink arrowheads highlight instances of a decrease in its translation.
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5.2.4 Expression of VP1 truncated products in mammalian cells

To test if the novel VP1 isoforms were an artefact of the IVT reactions or were a result
of alternative translation initiation, the expression of mutated VP1 products was also tested in
cells. For this, the first 670 nucleotides of segment 1 (VP1) containing all five AUG candidates
were cloned into an expression plasmid upstream of, but in frame with the EGFP gene (Figure
5.6). The EGFP fusion constructs were made due to the unavailability of antibodies against
VP1. This construct, termed WT RF, was then used to introduce frame 1 mutations of the
candidate AUGs by site-directed mutagenesis as described in Table 14. For AUG candidates
that could initiate downstream translation the ORF structures with their predicted protein

products and product sizes are shown in Figure 5.6.

Following confirmation by DNA sequencing, the panel of VP1 constructs was
transfected into HEK293T cells and after 48 hr analysed by western blot. Early attempts at
expressing the VP1 constructs in cells repeatedly gave poor results, suggesting potential
protein degradation (data not shown). Therefore, after the initial 24 hr, cells were incubated
with either DMSO or 20 uM of MG132 drug (proteasome inhibitor) for an additional 24 hr
(Figure 5.7A and B respectively). The B-actin loading control was consistent across all lanes
in both panels except for pEGFP and ORF9B, which were underloaded to avoid signal
saturation and interference (panel A and B, lanes 1 and 2 respectively). The empty plasmid
expressing EGFP (pEGFP) was used as a transfection control and produced a protein product
that migrated at the predicted molecular weight of 27 kDa (panel A and B, lane 1). A plasmid
expressing SARS-CoV-2 ORF9B tagged with GFP (36 kDa) was used as an additional positive
control; this also produced a major polypeptide species that migrated as expected and whose
abundance was not drastically affected by the MG132 treatment (panels A and B, lane 2). The
negative control, termed ‘mock’, included the transfection reagent only (panel A and B, lane
3). In DMSO only, with the exposure settings required to visualise the VP1-EGFP fusion
proteins in other samples, faint background bands were visible in ORF9B and mock samples,
which were absent at the lower exposure settings required in the presence of MG132 (panel

A and B, lanes 2 and 3 respectively).

In the absence of MG132 treatment, all VP1 fusions gave readily detectable amounts
of an anti-EGFP reactive species migrating similarly to the untagged EGFP itself (Figure 5.7A,
red arrowhead, lanes 4-14). This product probably resulted from accumulation of a stably
folded EGFP domain, potentially avoiding the proteolytic degradation of a longer fusion

protein. The majority of the VP1 constructs also produced lower amounts of a peptide



migrating slightly slower than the 50 kDa marker, likely representing a full length VP1-EGFP
(52.6 kDa) protein (panel A, black arrowhead, lanes 4-14). In confirmation of this, the ~52 kDa
band was absent from the Stop construct sample (panel A, lane 5). A further novel species
seen above background levels was also observed in most VP1 samples, running slightly faster
than the 50 kDa marker (panel A, blue arrowhead, lanes 4-14) which could possibly
correspond to the product initiated from M66 in the IVTs (Figure 5.5, lane 6). However, the
intensity of this band was not affected by leucine mutation (M66L) (Figure 5.7A, lane 6, blue
arrowhead), but it was reduced by the Stop and M130L mutations (lanes 5 and 7), but not the
M130V mutation (lane 10).

In the presence of MG132, most but not all VP1 constructs still produced an EGFP
signal (Figure 5.7B, red arrowhead, lanes 4-14) and a more predominant 52 kDa product
corresponding to the full-length VP1-EGFP fusion protein (black arrowhead, lanes 4-14),
consistent with this polypeptide being unstable and subject to proteasomal degradation. Also
prominent in most samples was the slightly faster migrating product of just under 50 kDa (blue
arrowhead), as well as a family of peptides migrating at around 37 kDa (yellow arrowhead);
these latter bands potentially matching the predicted molecular weights of proteins initiated at
M130 and M146 (Figure 5.6).

The band of ~45 kDa was not drastically affected by the M66L mutation, but was
reduced by the Stop mutation (panel B, lanes 5 and 6, blue arrowhead). Its accumulation was
however reduced by M130L and M130V but not by changes at M146 (compare lanes 7 and
10 with 8 and 11 respectively). However, the ~45 kDa polypeptide was no longer detected in
mutations of both M130L and M146L, whilst M130V and M146V together had no effect
(compare lane 9 with 12, blue arrowhead), further supporting the conclusion that unlike in the

IVT reactions, this peptide does not result from translation initiation at M66.

Contrasting the IVT result, expression of the 37 kDa peptide was reduced with the
M130L and M130V mutation, while alterations of M146 had much less of an effect (panel B,
yellow arrowhead, compare lanes 7 and 10 with 8 and 11 respectively). However, in
agreement with the IVT data, accumulation of the 37 kDa species was reduced by double
mutation of M130L and M146L (lane 9) whereas only a minimal effect was observed with both
M130V and M146V mutations (lane 12). Unlike in the IVT translations, mutation of M196L
reduced the expression of the 37 kDa band as well as the EGFP signal (lane 13, yellow and
red arrowhead respectively). It is possible that the M196 was utilised for the translation of the

observed band of ~25 kDa (lane 13, red arrowhead) based on its predicted protein size (Figure
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5.6). On the other hand, similar to the IVT reactions, no effect was observed with M213

mutation (lane 14).

Quantification of individual peptides by densitometry from three independent
experiments containing MG132 showed that the above pattern was consistent (Figure 5.7C).
For each construct, the observed polypeptides were normalised to the total density of VP1
and presented as its fraction. The polypeptide species within each construct were then
compared to the WT RF. As expected, introducing a Stop significantly suppressed the
expression of the VP1-EGFP fusion protein as well as the 45.1 kDa polypeptide although not
significantly, whereas the 37 kDa peptide was upregulated in contrast to WT RF. It further
confirmed that the mutation of M130L with or without M146L reduced the expression of both
45.1 kDa and 37 kDa peptides (significantly with M146L), while significantly increasing the
accumulation of the VP1-EGFP fusion protein. The remaining constructs were only subtly
different to WT RF.

In summary, the “in cell” test of alternative translations initiation events of RF segment
1 mRNA confirmed that a novel VP1 isoform, named VP1-N129, was expressed from M130.
This result did not support the hypothesis that M66 and M146 were used, with the caveat that
these outcomes may have been obscured by post-translational modifications (in particular

degradation) of the VP1 fusion proteins.
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Figure 5.6 Schematic of the first 670 nucleotides of segment 1 tagged with the EGFP gene.

OREF structures with their predicted protein products and molecular weight (kDa) are shown. AUG codons
are numbered according to their position and coloured based on the strength of their Kozak context (green
— strong consensus with A/G at -3 and G at +4; yellow — medium with either A/G at -3 or G at +4; red — weak
with neither A/G at -3 nor G at +4). Stars highlight candidate AUGs that may serve as translation initiation
sites to yield the identified peptide of ~100kDa. Red dashed line represents the location of a stop codon, 30
nucleotides downstream of the first AUG codon. The nucleotide position of each candidate AUG is also
shown.
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Figure 5.7 Expression of VP1 products in transfected cells.

HEK293T cells were transfected with the indicated VP1 and control constructs tagged with EGFP and
incubated in the absence (A) or presence of MG132 drug (B). After 48 hr, lysates were collected and
analysed by western blot. B-actin was used as a loading control. The positions of molecular weight
makers (kDa) are indicated. pEGFP was used as a transfection control and SARS-CoV-2 ORF9B was
used as a positive control. Note that the pEGFP and ORF9B samples were intentionally underloaded
to avoid signal interference in adjacent lanes. (C) Quantification of the relative expression of VP1-
pEGFP - 52.6 kDa, 45.1 kDa and 37 kDa peptides in each construct was performed by densitometry
in the presence of MG132 drug. Data are mean + SEM from three independent experiments. Statistic
annotations are the result of a two-way ANOVA test with Dunnett's multiple comparisons test
performed for each construct for each peptide. ***p-value < 0.001, ****p-value < 0.0001.
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5.2.5 Generation of VP1 mutant viruses

Data so far has suggested that the 100 kDa N-terminally truncated isoform of VP1,
VP1-N129, could be a functionally important but unidentified accessory protein. Mutation of
specific AUGs in segment 1 (VP1) identified likely sites of downstream translation initiation
resulting in production of this peptide. Therefore, to examine the effect of the mutations
introduced into VP1 on viral fitness, the mutated segment 1 was used to rescue viruses using
reverse genetics for the bovine strain RF following the same protocol as described in Chapter
3. Following the viral rescue (from three independent experiments), MA104 cells were infected

with the panel of viruses and titrated by plaque assay.

No virus was detected in the mock-infected controls, where the segment 1 plasmid
was omitted (data not shown). As expected, no viable virus was generated when a stop codon
downstream of the canonical VP1 AUG was incorporated (Figure 5.8A). The M66L mutant
viruses produced a comparable titre (>10” PFU/mL) to WT RF, suggesting no major effect on
viral fitness. In contrast, despite being only 16 amino acids apart, the M130L change was
detrimental, whereas M146L had no effect on viral rescue. Double mutation of M130L and
M146L also failed to produce any virus. In contrast with the mutation to leucine, a valine
mutation at the M130 position did not impact viral rescue and the M146V virus showed a
similar phenotype to WT RF (Figure 5.8A). Similar to double mutation of M130L+M146L,
mutation of M130V+M146V, resulted in failure to rescue virus. M196L and M213L mutants
had comparable titres to that of WT RF, whereas the double mutation of M196L+M213L did
not produce any virus. Sequencing of VP1 mutants from P2 stocks confirmed the presence of

the desired mutations (data not shown).

To further characterise the fitness of the VP1 mutants, plaque morphology was
assessed and compared to WT RF. MA104 cells were infected with P1 stocks from three
different rescues and incubated under a semi-solid overlay medium. Following a four-day
incubation, plaques were fixed and stained with toluidine blue. Plates were then scanned and
cell-absent areas were quantified using ImagedJ. A heterogeneous population of large and
small plaques was observed from WT RF and all mutants, although the M130V and M196L
viruses had an obvious small plague phenotype (Figure 5.8B). Quantification of individual
plagues showed that, with the exception of M196L, no significant difference in plaque
phenotype was observed between WT RF and the VP1 mutants, all of which displayed
plagues ranging between ~0.25 — 3.5 mm in diameter (Figure 5.8C). M196L had significantly

smaller plaques than the WT RF, suggesting a loss of fitness in cultured cells (Figure 5.8C).
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To compare the replication kinetics of the VP1 mutants with the WT RF, multicycle
infections were performed in MA104 cells infected at a low MOI for 48 hr. Samples were
collected at several times post infection and titred by plaque assay. No virus was detected in
mock infected controls (data not shown). Overall, all mutants displayed broadly similar growth
characteristics to WT RF, increasing steadily in titre across the 48 hr timecourse from <10°
PFU/mL at 0 hr (residual inoculum) to peak titres of around 108 PFU/mL (Figure 5.8D). The
M196L mutant was the only exception, reaching the peak titre by 32 hr and thereafter
plateauing with significantly lower titre than WT RF at 40 and 48 hpi, complementing its small

plague phenotype.

Overall, data from the viral rescue experiments demonstrated that only the M130L
mutation was lethal to the virus; all other changes were tolerated (including M130V alone),
though the M196L mutation led to a reduction in virus fitness. This further supports the
hypothesis that the polypeptide expressed from M130 (AUG12) is a potential accessory
protein correlating with its synthesis in cells. However, the complexities of M130L versus
M130V effects on the viral rescue could potentially be attributed to their different effect on the
polymerase activity of VP1 where M130L mutation affects the polymerase and M130V does

not.
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Figure 5.8 Rescue of VP1 mutant viruses and growth kinetic analysis.

(A) Viruses were rescued using the established reverse genetics system (see Chapter 3) and viral
titres of P1 stocks were titrated by plaque assay on MA104 cells. Data are mean + SD from three
independent experiments plaqued in duplicate. Statistical annotations are the result of an ordinary
one-way ANOVA test. Multiple comparison tests were performed between each mutant. NS: Non-
significant. Dashed line represents detection threshold. (B) Plaque phenotype of VP1 mutants versus
WT RF. (C) Violin plot of plaque size distribution for VP1 mutants versus WT RF. A minimum of 40
plaques were measured for each virus from three independent experiments plaqued at the same time.
Each dot represents a plaque. Statistical annotations are the result of a Welch ANOVA test with Holm’s
adjustment. ****p-value < 0.0001. The mean values are shown. (D) Multi-step growth curves
comparing VP1 mutants with WT RF. MA104 cells were infected at MOI of 0.03 and samples were
collected at the indicated hours post infection. Dashed line represents detection threshold. Data are
mean + SEM from three independent experiments. Statistical annotations are the result of an ordinary
one-way ANOVA test (performed individually for each time-point). Only significant values are
annotated. *p-value < 0.05.
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5.2.6 Establishing a mini-genome assay to test the polymerase function of VP1

To test whether the polymerase activity was affected by VP1 mutations, a system was
needed to assay the RdRp function outside of the context of virus replication. Therefore, we

sought to establish a mini-genome assay to reconstitute the polymerase activity.

To set up a plasmid based mini-genome assay for RV, a similar approach to the
reverse genetics system was utilised. cDNA constructs were designed to express the firefly
luciferase (Fluc) gene in a positive or negative orientation flanked by the T7 RNA polymerase
promoter and HDV ribozyme followed by the T7 transcription terminator (Figure 5.9A). The 5°
and 3’ UTRs from the NSP1 gene were incorporated into the construct to retain the cis-acting
signals for polymerase recognition, similar to the reporter design for IAV mini-genome assay
[464]. Thus, if the synthetic RV segment was recognised and transcribed and/or replicated by
the viral polymerase, the luciferase levels in transfected cells would represent a measure of
the transcriptional activity of the polymerase.

These custom constructs were synthesised by Invitrogen GeneArt in a pMA plasmid
backbone. Positive and negative sense reporters were named 5’-reporter and 3’-reporter
respectively. Following the same method as described in Chapter 3, 11 plasmids
corresponding to each RV genome segment were co-transfected with either the positive or
the negative sense reporter and luminescence was measured after 48 hr (Figure 5.9A). The
plasmids carrying the NSP2 and NSP5 genes were transfected at a 3.125 times higher amount

(312.5 ng each) than the remaining plasmids as described previously (100 ng each) [288].

Before assessing the effects of VP1 mutations on the polymerase activity, initially,
increasing amounts of the reporter plasmids were transfected into BSR-T7 cells to determine
the quantity required for an optimal signal without saturating the system. A plasmid expressing
the Fluc gene driven by the cytomegalovirus immediate early promoter was used as a positive
control (named PVR1255) and this produced a strong luciferase signal that increased with
plasmid dose (Figure 5.9B). A negative control “mock” sample included the transfection
reagent only; this produced constant low levels of background signal. When increasing
amounts of the two synthetic RV reporter plasmids were transfected, only the baseline signal
of luminescence was observed until 200 ng. At 200 ng both reporters showed a significant
increase above background signal with the 5’-reporter having a higher luminescence value
compared to the 3’-reporter (Figure 5.9B). Results indicated that the maximum luciferase
signal detected was at 200 ng of reporter plasmid; an amount which was then used in further

analysis.
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Next, a dose-dependent titration was performed for all 11 plasmids in the presence of
200 ng of the 5'- or the 3’-reporter to determine the minimal amount of RV plasmids needed
to generate the best luciferase signal (Figure 5.9C and D respectively). Transfected 5’-reporter
or 3’-reporter plasmids only were used to establish a baseline signal that was then used for
normalisation (data not shown). The PVR1255 plasmid was included as a positive control and
produced a strong signal as described above. Co-transfection of the 11 RV plasmids with 200
ng of the 5’-reporter showed a significant increase in the luciferase expression compared to
the 11 plasmids only signal (Figure 5.9C). The maximum luminescence reading was reached
at a 100 ng dose of 11 plasmids (312.5 ng of NSP2 and NSP5) suggesting that the system
was saturated, after which the luciferase activity started to decline with decreasing amounts
of RV plasmids added (Figure 5.9C). In the absence of the 3’-reporter plasmid, 11 plasmids
alone showed a background signal slightly above the mock sample that contained the
transfection reagent only (Figure 5.9D). However, the luciferase activity did not reach
significant levels when the 3’-reporter was co-transfected with 11 plasmids at varying
quantities (Figure 5.9D). Thus, the 3’-reporter construct was discarded from subsequent
experiments due to the low levels of luminescence readings despite addition of RV plasmids.
Overall, these experiments suggested that an RV mini-genome system based on transfecting
200 ng of the 5’-reporter along with 100 ng of the RV plasmids (312.5 ng for NSP2 and NSP5

plasmids) might be viable, as it showed the highest luminescence signal.

The RV polymerase domain resembles a ‘right-handed’ architecture made up of “palm,
finger and thumb” subdomains [108]. Ogden et al., (2012) showed that the conserved
aspartate residues within the ‘GDD’ motif in the palm subdomain of RV RdRp were critical for
RNA synthesis (Figure 5.10A) [159]. To test if the Fluc signal in the RV mini-genome system
was dependent on the VP1 activity, these conserved aspartate residues, D631 and D632,
were mutated to alanine, creating mutants D631A and D632A respectively (Figure 5.10B).
Following the introduction of these mutations into the VP1 plasmid by site-directed
mutagenesis, viruses were rescued using the reverse genetics to confirm RdRp inactivity. As
expected, no virus was recovered in three independent experiments in the presence of the
mutated polymerase (Figure 5.10C). This confirmed that the mutations rendered the virus

incompetent of replication, most likely due to polymerase inactivation.

Subsequently, to test whether VP1 mutations had an effect on the polymerase activity,
11 RV gene segments (100 ng each except 312.5 ng for NSP2 and NSP5), were co-
transfected into BSR-T7 with the 5-reporter at 200 ng. The WT VP1 plasmid was substituted
with mutated VP1 plasmid and transfected at 100 ng (Figure 5.10D). All luminescence

readings were normalised to the background signal of the 5’-reporter only (data not shown)
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and compared to D631A and D632A samples to assess whether RdRp activity was affected.
As before, a PVR1255 positive control produced a strong luciferase signal. The mock and 11
plasmids only samples showed similar background luminescence which were below levels of
detection (Figure 5.10D). Despite the presence of D631A and D632A mutations within the
catalytic site of VP1, these samples still produced luminescence readings higher than the 5'-
reporter alone, suggesting that some residual transcriptional activity of the polymerase
remained (Figure 5.10D). Nonetheless, the luciferase activity was still significantly higher for
WT RF and M66L samples compared to D632A but not to D631A (Figure 5.10D). The M130L
and M146L mutants showed an increase in luminescence in contrast to D632A but not as
significant when compared to the D631A mutant. Although, the M130L+M146L and
M130V+M146V mutants affected the viral rescue, in this assay their luciferase activity was
similar to that of WT RF, with the M130L+M146L mutant displaying a significantly higher signal
than D631A and D632A (Figure 5.10D). Contrasting to the slow replication and small plaque
phenotype of M196L, its luciferase signal was not as affected as the D631A or D632A. The
M213L mutant was the only sample that displayed comparable luciferase activity to D631A,
indicating that the mutation introduced at this site had a similar effect as the mutation made in

the catalytic site that intended to disrupt the polymerase activity (Figure 5.10D).

In summary, preliminary results from the mini-genome assay showed that the VP1
mutations had a minimal impact on the polymerase activity, though further optimisation and
characterisation of this assay is required. Thus, within the limits of the data, the results are
consistent with the hypothesis that a potential accessory protein is expressed from M130
(AUG12). Although, it is plausible that the mutation at M130 affected the overall VP1 protein

structure or it’s inter-molecular interactions.
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Figure 5.9 Establishment of a mini-genome assay.

(A) Schematic of proposed mini-genome assay. RV plasmids encoding each bovine RF stain gene
were co-transfected with T7 reporter plasmids expressing the Fluc gene in either positive (5’-reporter)
or negative sense (3’-reporter). Luciferase activity was measured after 48 hr post transfection.
(created with BioRender.com). (B) Dose-dependent titration of the 5°- and 3’-reporter plasmids.
PVR1255 plasmid expressing FLuc gene was used as a positive control. Mock sample contained
transfection reagent only. Data are mean + SEM from four independent experiments each performed
in duplicate. Statistical annotations are the results of ratio paired t-test. *p-value < 0.05. Dose-
dependent titration of 11 RV plasmids with 200 ng of the 5’-reporter (C) and 3’-reporter (D).
Normalised values to 5-reporter and 3’-reporter plasmids only are shown (C and D respectively).
Data are mean + SEM from four independent experiments each performed in duplicate. Statistical
annotations are the result of ratio paired t-test. *p-value < 0.05, NS: Non-significant.

160



(A)

N-terminal domain Core domain C-terminal domain
}

1 t d
332 Pa:m Pal'm 778 1088
Fingers ‘ | Fingers | | Thumb _

! Motif C !

—_

'RVA IIRVDX NYAVLQ 639 :
| RVB HLRVDGDDNVVSLT 695,
JRVC MIRVDGDDNYAIVR 6401
IRVD IIRVDGDDNYFIME 629!
RVF LIRVDGOONYIVIE 637 |
{RVG HMRVDGDDNVVIMY 695 |
IRVH HMRVDGDDN-—--= 697!
'Reo NYVCQUDDGLMIID 741 :

(B) (€

Nucleotide Codon change VP1
change 9¢ | mutation

A1892C
T1893C

GAT > GCC D631A

A1895C GAC > GCC D632A

Virus Titre (log,o PFU/mL)

(D)

100001i

1000

1ooi.

Luminescence relative
to 5'-reporter (RLU)

11 plasmids with 200 ng 5'reporter

Figure 5.10 Measuring polymerase activity of VP1 mutants using the mini-genome assay.

(A) Generation of inactive VP1 RdRp through mutation of the catalytic site. VP1 shown as a linear
schematic and coloured according to the domain organisation with amino acid numbers labelled
above. (Adapted from Steger et al., 2019 [157] and Oden et al., 2012 [159]). The N-terminal domain
(pink) and C-terminal domain (burgundy) flank the core domain containing fingers (blue), palm (light
blue) and thumb (orange). Sequence-based alignment of RdRps from representative species of RV
and reovirus showing the conserved catalytic ‘GDD’ site (underlined in red) within motif C. ‘GDD’
mutations are shown in (B). (C) Viral titres of mutants and WT RF were titrated by plaque assay on
MA104 cells. Data are mean = SD from three independent experiments each plaqued in triplicate.
(D) Luciferase activity following transfection of VP1 mutants normalised to the 5’-reporter only
sample. PVR1255 plasmid expressing FLuc gene was used as a positive control. Mock sample
contained the transfection reagent only. D631A and D632A samples were used as negative controls.
Data are mean + SEM from four independent experiments each performed in duplicate. Statistical
annotations are the result of ratio paired t-test. *p< 0.05. Only significant values are annotated.
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5.2.7 Predicted crystal structure of VP1 M130 and M146 mutants

To further test the hypothesis of whether the VP1 mutations were affecting the function
of the protein, potential structural differences between the VP1 mutants and the WT RF were
evaluated. Crystal structures of VP1 for the SA11 and RRV, but not RF, strains have been
previously resolved revealing a cage-like globular enzyme that shares structural similarities
with other polymerases [107, 108]. Therefore, AlphaFold was used to predict the structures of
WT RF and VP1 mutants. Only the M130 and M146 mutants were included in this analysis

due to their varied effect on the virus rescue despite being only 16 amino acids apart.

Using the available resolved structure of VP1 for the RRV strain in a transcript-
elongated state (TES) and in a duplex-open state (DOS), the VP1 molecule was coloured
according to its polymerase domains: N-terminal domain (blue), core (active site) (grey) and
C-terminal domain (purple) (Figure 5.11A). In the TES, the enzyme splits the dsRNA genome,
releasing the nascent RNA transcript into the cytoplasm whilst retaining the template (-)RNA
within the core to use for further (+)RNA synthesis that occurs in the DOS state [107]. The
M130 and M146 residues were then mapped onto the structure and were shown to lie within
the N-terminal domain of RdRp (red and magenta spheres respectively). Specifically, the
M130 residue (red spheres) was located closer to the core of the polymerase (grey) containing
the template RNA (black arrows). On the other hand, the M146 residue (magenta spheres)
was near the surface of the protein and closer to the coding RNA strand (black arrow) (Figure
5.11A).

When the predicted structure of WT RF (pink) was superimposed with the RRV VP1
molecule in TES no major differences in the overall structure were seen, despite some areas
of mismatch (Figure 5.11B, black arrowheads). Due to their similarities in structure, the VP1
domains in the WT RF molecule were coloured to match those of RRV VP1. The mapped
locations of M130 and M146 residues in WT RF were similar to those in RRV VP1 (Figure
5.11C, red and magenta spheres respectively). Thus, it is plausible that mutating the M130
residue had influenced the interaction of the N-terminus with the template RNA within the core,

while the M146 location could explain its non-detrimental effect on the virus rescue.

Subsequently, predicted structures of M130 and M146 mutants (Figure 5.12A and B
respectively, coloured) were superimposed with the WT RF (in grey) and showed no
conformational differences in the overall VP1 structure. Additionally, the spatial arrangement
of the mutated residues and their interactions with the neighbouring amino acids was not

affected (compare WT RF top magnified windows (grey) with coloured magnified windows).
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However, an additional interaction was observed between the M146V residue and the
neighbouring leucine at position 149 (L149) represented by an additional yellow bond, but this
mutant did not affect the viral rescue (Figure 5.12B, light blue magnified window, black

arrowhead).

Data in this section shows that no changes were made to the overall structure of the
VP1 protein when M130 or M146 were mutated and their interactions with the neighbouring
residues were not disrupted. Thus, this strengthens the hypothesis that the identified novel
VP1 isoform, VP1-N129, could be a potential accessory protein being expressed from the
M130 residue.
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Figure 5.11 Crystal structure of VP1 RdRp showing M130 and M146 residues.

(A) Ribbon model of VP1 for RRV strain in transcript-elongated state (TES) and in a duplex-open
state (DOS) showing N-terminal domain (blue), core (grey) and C-terminal domain (purple). In
TES, the core is occupied by dsRNA genome and incoming NTPs (not shown) but contains no
RNA in DOS. Template and transcript RNA are coloured by element and indicated by black
arrows. A-helices are shown as spirals and f3-sheets as arrows. Coloured spheres represent
mapped M130 and M146 residues annotated in red and magenta spheres respectively. (Adapter
from Ding et al., 2019 [107] and annotated in PyMOL [330]). (B) Predicted structure of WT RF
using AlphaFold (pink) superimposed with RRV VP1 molecule in TES with its domains coloured
as in (A). Black arrowheads indicate areas of mismatch. (C) Predicted structure of WT RF with its
domains coloured like those of RRV in (A) with mapped M130 (red spheres) and M146 (magenta
spheres) residues.
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(A) M130L + WT RF M130V + WT RF

Figure 5.12 Predicted structures of M130 and M146 mutants.

Predicted structures of M130 (A) and M146 (B) mutants superimposed with WT RF (grey) in ribbon
representation with coloured spheres showing the location of mutated residues. In (A) the structure
of M130L and M130V is in pink and purple respectively, while in (B) M146L and M146V are in dark
and light blue respectively. Top magnified window in each panel shows the respective residues in
WT RF (grey) and their interactions. Bottom magnified windows show interactions between mutated
and nearby residues. All residues are coloured by element: carbon = orange, hydrogen = grey,
oxygen = red, nitrogen = blue and sulphur = yellow. One letter code of the amino acid residue with
their corresponding location is shown. Dashed yellow lines represent hydrogen bonds. Black
arrowhead shows additional hydrogen bond between M146V and the neighbouring residue L149.
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5.3 Discussion

Expression of alternative ORFs through non-canonical translational mechanisms has
been identified in many RNA viruses. The presence of a polycistronic segment 11 and
alternative ORFs in multiple RV species led to the hypothesis that other segments of RV may
also possess multiple ORFs within their genome, possibly accessed through similar

mechanisms.

Initially, IVT reactions were set up to test the hypothesis of whether gene segments of
RV RF and SA11 strains could express additional polypeptides. Results demonstrated that
the majority of segments in both strains produced bands corresponding to the canonical
products (Figure 5.2B and C). However, in some segments the main products were absent or
were not of predicted size, possibly due to the absence of microsomal membranes in the IVT
reactions, which facilitate the study of co-translational and initial post-translational processing

of proteins in vitro [465].

In the IVT reactions performed, the observed VP7 band was smaller (~33 kDa) than
the predicted canonical product of 37 kDa (Figure 5.2B and C, lane 8). In cells, the VP7
glycoprotein is synthesised by the ER membrane-bound ribosomes, which co-translationally
translocate the nascent polypeptide into the ER as a result of signal sequences present at the
N-termini [466]. Cleavage of the signal peptide occurs co-translationally and thus it is plausible
that the detected VP7 band is a secondary product first described by Ericson et al., (1983)
and Chan et al., (1986) which was shown to lack the N-terminal cleavage signal sequence
that retained the VP7 within the ER [72, 73]. Indeed, multiple products may be produced from
the VP7-encoding segment by downstream initiation. In the RF strain, three in frame AUGs
exist proximal to the 5’ end of the mRNA sequence, but only the first and the third are
conserved amongst all RVs [47]. The canonical AUG corresponding with the main VP7 product
of 37 kDa has a weak Kozak context but the conserved downstream in-frame AUG is located
in a favourable context which if utilised would generate a product of ~33 kDa (Appendix C in
section 8.3). This could provide an alternative explanation for the unexpected size of the
observed protein product resulting from translation of the VP7-segment in the IVT reactions
(Figure 5.2B and C, lane 8).

Despite NSP4 being a transmembrane protein with the same post-translational
modification as VP7 [127], the band corresponding to its main product size was present in RF
IVTs but not in the SA11 translations, even though the canonical AUG in both strains has a

strong Kozak context (Figure 5.2B and C, lane 11).
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Similarly, the protein product of segment 11 (NSP5) was only detected in RF and not
in SA11 IVT reactions, although the peptide that was identified migrated higher (over 25 kDa)
than the predicted 21 kDa (Figure 5.2B and C, lane 12). NSP5 undergoes two post-
translational modifications: phosphorylation and O-linked glycosylation [467, 468]. Depending
on the degree of phosphorylation, NSP5 can exist as several isoforms with different molecular
weights of 26, 28 and 30-34 kDa [141, 468, 469]. Hyper-phosphorylation of NSP5 is required
for its interaction with NSP2 to form a lattice structure for viroplasm assembly [135, 301].
Previous studies showed that the 28 kDa isoform was present in vitro and in the lysates of RV
infected cells [61, 141, 469]. Thus, it is plausible that the identified band of ~28 kDa could be
the phosphorylated isoform of NSP5 resulting from autocatalytic kinase activity in vitro as
described previously [61, 470, 471].

The IVT assay was not sufficiently sensitive to detect the 12 kDa accessory protein,
NSP6, from an overlapping ORF in segment 11 (Figure 5.2B and C, lane 12) [45]. This could
be explained by the presence of abundant endogenous globin (16 kDa) which distorts the gel,
making detection of proteins of less than 16 kDa challenging [465]. Small proteins can also be
degraded by proteases or by an ubiquitin-dependent pathway within the rabbit reticulocyte
lysate component of the IVT [465, 472]. It is also plausible that the variation in the number of
methionine residues affected the expression of the NSP6 protein, which contains only five
thereof, however translation of the NSP5 product containing only four was still detectable in
RF IVTs (Figure 5.2B, lane 12). The IVT reaction conditions, such as magnesium and
potassium chloride concentrations, have been shown to affect the selection of AUG start
codons, which may have played a role in failed recognition of the downstream AUG
corresponding to NSP6 [442, 473].

Additional treatment with A-phosphatase could validate the phosphorylated isoform of
NSP5. Translation of smaller proteins such as NSP6 may be more efficient using the Wheat
Germ Extract System in the future [465]. Human cell-derived IVT systems (HeLa and
hybridoma cell extracts) may also be utilised in the future for synthesis of proteins with post

and co-translational modifications [474, 475].

In addition to the detection of canonical proteins, unknown polypeptides were also
identified in most of RF and SA11 segment translations, consistent with the hypothesis that
RVs possess multiple ORFs. Some of these peptides were conserved across strains while
others appeared only in RF translations (Figure 5.2B and C, pink and green arrowheads
respectively). For example, a product of 50 kDa produced in the reactions with the VP4-

encoding plasmid for RF but not SA11 could be explained by the presence of an in-frame
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downstream AUG codon in a suboptimal Kozak context (see Appendix C in section 8.3 and
Figure 5.2B, lane 5, green arrowhead). Similarly, RF segment 1 (VP1) that codes for the RdRp
contains an in-frame AUG codon located 192 nucleotides downstream of the canonical AUG
in a strong Kozak context but is absent in segment 1 of SA11 (Appendix C in section 8.3).
Thus, the detected band in RF translations of segment 1 but not in SA11, could be the protein
product with a predicted size of ~117.5 kDa translated from this downstream AUG (Figure
5.2B, lane 2, green arrowhead,). Additionally, a polypeptide of ~100 kDa of unknown origin
was consistently translated in the IVT reactions of RF and SA11 VP1 segments (Figure 5.2B
and C, lane 2, black arrowhead), including in non-radioactive IVT reactions containing a pre-
charged ¢-labelled biotinylated lysine-tRNA complex (data not shown). Due to the consistency
of the results, segment 1 was further analysed to investigate whether the unknown polypeptide

of ~100 kDa could be a putative accessory protein translated from a downstream AUG.

Following identification of candidate AUGs in RF segment 1 that could explain the
production of an unknown band of ~100 kDa, all available RV isolate sequences were
analysed to evaluate the conservation of these selected AUG codons (Figure 5.3A and B).
Bioinformatic analyses revealed high prevalence of AUGs 12, 14, 20 and 22 (M130, M146,
M196 and M213 respectively) as well as presence of a moderate Kozak context that was more
than 98% conserved in RV isolates (Figure 5.3B and Figure 5.4). The candidate AUGs were
then mutated to determine which AUG codon was responsible for the unknown polypeptide.
The mutation of candidate AUGs showed that a combination of two similarly sized
polypeptides of ~100 kDa were synthesised from AUG12 and AUG14, likely representing N-
terminally truncated isoforms of VP1, suggesting possible internal translation initiation (Figure
5.5).

By what mechanisms the ribosomes accessed the downstream AUG codons to initiate
translation at M130 and M146 was not explored in this chapter. However, previously Rainsford
et al., (2007) suggested that the expression of NSP6 from segment 11 in species A of RV
likely occurred via the mechanism of leaky scanning [62]. Despite the optimal Kozak context
around the canonical AUG, instances of leaky scanning mechanisms have been observed
when the first AUG codon was close to the 5’ end or when a G in position +4 was combined
with a U in position +5 [476]. Studies from orthoreoviruses showed that the translation initiation
complexes can bypass over 600 nucleotides to access downstream ORFs, demonstrating that
the distance scanned by the ribosomes can be considerable [477]. Additionally, isoforms of
the phosphoprotein in the rabies virus and the M protein in the vesicular stomatitis virus are
expressed via sub-optimal Kozak signalling preceded by a canonical AUG in an optimal

context [478, 479]. Indeed, the canonical AUG for the main VP1 protein has strong Kozak
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signalling and is located at nucleotide position 19, whereas the downstream AUGs at positions
406 and 454 (M130 and M146 respectively) are in a sub-optimal context and do not possess
a U at position +5 (Figure 5.3A). Thus, it is plausible that the expression of the identified band
from the M130 and/or the M146 occurred by leaky scanning, which could be tested by

ribosomal profiling in the future studies [58].

In contrast to the IVT result, when segment 1 amplicon fused to the EGFP gene was
transfected in cells, M130 mutation resulted in the loss of a 37 kDa EGFP-tagged product,
whereas M146 was not utilised (Figure 5.7B). In support of this, quantification of the peptides
showed that mutation of M130, with or without M146, reduced the expression of the identified
polypeptide (Figure 5.7C). This result however contradicted the hypothesis of downstream
translation initiation as mutation of an AUG codon to GUG (M130V) had much less of an effect
on the expression of identified band in contrast to a CUG mutation (M130L). A comparison of

the findings between the cell-free and the cell-based assays is summarised in Figure 5.13.

One possibility to explain this is that the non-canonical initiation was occurring by leaky
scanning mechanism resulting in initiation at a GUG but not a CUG codon. Non-AUG initiation
by leaky scanning has been described for the expression of the C protein in the Sendai
respiratory virus and for RNA viruses infecting plants [449, 480-484]. For example, in the
panicum mosaic virus up to four ORFs are translated using a combination of leaky scanning
initiation at GUG codons [481]. Interestingly, expression of the C protein in human
parainfluenza virus 1 is initiated at a GUG codon with high efficiency [450]. However,
downstream non-AUG initiation by leaky scanning utilising a GUG codon in a sub-optimal

context has rarely been observed in RNA viruses [59].

Another plausible mechanism of expression is the potential presence of an IRES, a
cis-acting RNA element, within the RNA structure of segment 1. Evidence from FMDV studies
showed presence of two in-frame AUG codons separated by IRES where both AUGs have
been utilised for translation initiation [485-488]. Mutation of AUG to CUG at AUG12 diminished
protein production, whereas mutation to GUG did not, but under the IRES scenario it is
plausible that translation initiation could occur also at a GUG codon. Class IV IRESs, generally
around ~150-200 nucleotides long, directly recruit the translation machinery to the start codon
and proceed without the need for scanning or an AUG codon [420, 451]. Additionally,
translation of two ORFs for the expression of L protein products in Theiler’s virus was also
dependent on the presence of an IRES where one of the ORFs utilised a non-AUG codon
[489]. The mutation of the AUG codon to GUG represents a transition mutation within the

nucleotide sequence, which is biochemically a less dramatic change than the AUG to CUG
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substitution. The GUG mutation is therefore less likely to impact the RNA structure, and so it
follows, the structure of an IRES — providing a possible explanation as to why translation
initiation may occur at GUG but not CUG. Furthermore, RV studies showed the presence of
conserved cis-acting signals within the highly structured RNAs produced from this segment
[50]. Additionally, the distance between the canonical AUG and the nucleotide position 406 for
M130 could support the formation of an IRES, although initial prediction using online tools

could not identify presence of an IRES (data not shown).

It is also possible that the N-truncated VP1 isoform was expressed by a combination
of mechanisms such as leaky scanning and through presence of an IRES. Future work to
investigate the mechanism of expression could involve utilising bicistronic reporter assays to
help identify the presence of an IRES [490], whilst leaky scanning could be further explored
through modifications of the Kozak motifs surrounding AUG12. Nonetheless, a novel VP1
isoform, named VP1-N129, expressed from M130 was identified although it is unclear how

this ORF was accessed by the ribosomes or what its biological relevance is.

To evaluate the effect of mutation of candidate AUGs in the context of viral infection,
reverse genetics was used to generate mutant viruses. Interestingly, leucine substitution at
position M130 but not valine affected the virus rescue (Figure 5.8). In contrast to leucine and
valine, methionine is an unbranched amino acid that allows considerable conformational
flexibility, which may play an important role in RdRp stabilisation during its interaction with the
RNA template and/or transcript [462]. All three amino acids are hydrophobic, non-polar in
nature and are almost always found in the interior of protein molecules [462]. However, leucine
differs from valine by the presence of an additional methylene group and a branch point at the
y-carbon [491]. Therefore, the leucine side-chain might have limited the internal flexibility of
the HLH subdomain, creating steric hindrance and/or disrupting the stoichiometry of the VP1

protein. It is unclear why mutation to valine but not leucine at this position was tolerated.

The effects of VP1 mutations on the polymerase activity were also examined by
establishing a plasmid-based mini-genome assay. Previous studies showed that absence of
the aspartate residues in the ‘GDD’ motif abolished or significantly altered the RNA-dependent
polymerase activity in vitro and in vivo [159, 492-494]. Indeed, the D631A and DG632A
mutations affected viral rescue and reduced the luciferase signal in the mini-genome assay,
although the values were not at baseline (Figure 5.10C and D respectively). In contrast to the
D631A mutation, D632A showed significantly lower luciferase activity compared to WT RF
suggesting that changes to the first aspartic acid residue within the ‘GDD’ motif appeared more

tolerable. In other viral RdRps, single or multiple substitutions of the equivalent residues in the
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‘GDD’ motif showed that the first aspartate was a strict requirement for the catalytic activity of
the polymerase but this depended on the assay conditions used [492, 495, 496]. The
preliminary data from the RV polymerase assay developed here does not support the notion
that the VP1 mutants affected the polymerase function as their luciferase signal was
comparable to that of the WT RF (Figure 5.10D). Further work is needed to establish a more
reliable and sensitive assay that can be used to investigate the impact of VP1 mutations on
the polymerase activity. The plasmid based mini-genome assay could be modified in the future
to determine the minimum number of plasmids required to reconstitute the polymerase activity
in vitro as demonstrated for influenza virus [464, 497]. Future studies could explore varying
the molar ratios of VP1 and VP2 in the mini-genome assay as the molar ratio of 1/11 (VP1 to
VP2) produced the highest level of dsRNA synthesis in the cell-free system similar to that
found in virion cores [498]. Different or synchronous mutations of the conserved residues in
the ‘GDD’ motif, for example GDD - GAA/NN or GDD - A/YDD, could help improve the
baseline signal of inactive polymerase in the future [492, 494, 495, 499].

For the mutants generated, it is possible that the packaging of the (+)RNA strand
and/or dsRNA synthesis was affected, although this was not explored in this chapter (though
this can be analysed by the RNA:PFU ratio calculations and RNA gel methods described in
Diebold et al., (2022) [300]. Assembly of the progeny cores is initiated by the interaction of
VP1 and VP3 with (+)RNA that forms replication intermediates lacking polymerase activity [49,
108, 498, 500]. VP1 specifically binds the 3’ consensus sequence of the (+)RNA containing
cis-acting signals but requires VP2 to become transcriptionally active [49, 498, 501, 502]. The
cis-acting elements important for packaging and translation initiation have been identified in
the 5 UTR leader regions and coding sequences of influenza A and B viruses [441, 503, 504].
In RVs, highly conserved cis-acting elements that enhance (-)RNA synthesis were also shown
to be present at the 5’-end of (+)RNA which sometimes extended into the coding region [49,
295, 501, 505, 506]. Base-pairing between the 5 and 3’ in cis enhancement signals of
(+)RNAs lead to circularisation and formation of panhandle structures [49, 501]. Thus,
introduced mutations that result in a failure of the 3’ consensus sequence to base-pair with
the 5’ terminus inhibit synthesis of dsRNA [49, 507]. It is possible that the leucine mutation at
M130 (M130L) disrupted the secondary RNA structure and blocked VP1 from recognising the
cis elements that may be present near the 5’ end leading to inhibition of dsRNA synthesis
(whereas this was tolerated with valine mutation). Indeed, this could also explain why attempts
to create a recombinant RV in which a FLAG epitope was fused to the C-terminus of VP1 was

unsuccessful (data not shown).
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The M130L may have disrupted the molecular interaction or the flexibility with which
VP1 was able to interact with VP2 and/or VP3. Earlier studies with RV temperature sensitive
mutants showed that assembly of VP2 into cores was required for RNA replication [508].
Furthermore, the N-terminus of VP2 was required for encapsidation of VP1 and VP3 although
its function in RNA transcription is not known [158]. Interestingly, Kumar et al., (2020) showed
that VP3 was not detected in the DLP reconstructions in situ and it is still unclear how VP3
coordinates capping inside the constrained particle [110]. Steger et al., (2019) and Estrozi et
al., (2013) mapped amino acids 264 — 267 within the N-terminal domain of VP1 as important
contact sites for interaction with VP2 for in vitro dsRNA synthesis but these were not the
residues mutated here (Table 14) [28, 157]. Other studies also raised the possibility that the
VP1-VP2 interactions might differ during transcription and replication as well as being strain
dependent [509]. Thus, future studies involving characterisation of protein interactions through
co-immunoprecipitation or pull-down assays could help provide insight into the effects of

mutation in VP1 on its interaction with VP2 and/or VP3.

To assess whether the protein folding may have been impacted by the introduced
amino acid substitutions at M130 residue, AlphaFold-based protein folding predictions were
made with the assistance of Dr Barbara Shih, Lancaster University. Within the crystal structure
of VP1, the M130 residue was found within the cap-binding site of the N-terminal domain that
forms an a-helix motif (Figure 5.11A and C) [107]. In situ structural studies showed that this
cap-binding site is present in RdRps of other members of the Sedoreoviridae family [160, 510,
511]. The N-terminal domain splits the genomic dsRNA through its interaction with the
conserved m7GpppGGC residue of the (+)RNA strand at the cap-binding site [105, 107, 108].
This results in the HLH subdomain (residues 39 — 69) further separating the dsRNA to allow
RNA transcription while the template RNA is directed back into the core interior [105, 107].
The isolated (-)RNA is then transcribed within the core domain of RdRp with complementary
NTPs that form a backbone with the 5’ end of the nascent RNA [105, 107, 108]. The cap-
binding site was also shown to accommodate the NTP molecules during transcription [107].
The neighbouring HLH subdomain near the cap-binding site undergoes conformational
changes to accommodate the interaction between the polymerase core and the RNA template
and/or transcript [107]. However, the structure predictions of the M130 mutant showed no
maijor differences in the overall molecule of RARp compared to the WT and no intra molecular
interactions with neighbouring residues were predicted to be disturbed (Figure 5.12A). In vitro
dsRNA synthesis assays using open cores or baculovirus-expressed recombinant proteins
could address the effects of VP1 mutation on RNA synthesis and/or replication in the future
[157].
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Overall, this chapter demonstrated that in segment 1 (VP1), an in-frame downstream AUG
at nucleotide position 406 was responsible for the expression of a novel N-truncated VP1
isoform — VP1-N129. In cells, its expression was decreased by M130L mutation alone or in
combination with M146L, but M130V mutation did not exert this effect. Similarly, in the context
of a viral infection, only leucine substitution at M130 affected the viral rescue, whereas valine
did not. The effects of leucine replacement at M130 on VP1 could be attributed to non-

exclusive reasons below:

1) Translation initiation at a downstream AUG was disrupted, either by affecting
propensity of ribosomal leaky scanning, the utility of an IRES, or a combination thereof.

2) Viral polymerase activity was impacted.

3) Genome packaging was disrupted.

4) Core particle assembly was impaired through VP1 interactions with VP2, VP3 and/or
viral RNAs.

Given the findings presented in this chapter, the priorities for future investigations are (1)
and (2).
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Figure 5.13 Possible mechanisms for expression of VP1 products.

Top panel — in the IVTs evidence of expression exists for the main product VP1 and for
the product expressed by AUG6 (black arrows). Mutation of AUG12 and AUG14 together
decreased the expression of the identified band of ~100 kDa (joined arrow with question
mark). Both AUGs were utilised for its expression possibly via the mechanism of leaky
scanning. No effect from mutating AUG20 and/or AUG22 was observed (black crosses).
Bottom panel — in cells, expression of the main product VP1 was detected as well as the
novel VP1 isoform VP1-N129 expressed by AUG12 (black arrows). No evidence of
expression of peptides from AUG6, AUG14 and AUG22 was observed (black crosses).
Evidence for peptide expression from AUG20 was observed but not confirmed (black
arrow with question mark). The mechanism of expression of VP1-N129 was not examined
but could involve presence of an IRES and/or leaky scanning.
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Chapter 6: Concluding remarks




6.1 General conclusion

In this project, a plasmid-based reverse genetics system was established for the
bovine RV strain RF with the aim to identify expression of potential accessory proteins

encoded by its genome.

The data presented in this study describe identification of an unknown polypeptide of
~100 kDa in the RF segment 1 (VP1). Based on the predicted size of the peptide, bioinformatic
analyses revealed candidate AUGs with high prevalence and conservation that were selected
for further investigation. In the cell free system, mutation of both AUG12 (M130) and AUG14
(M146) decreased the expression of the unknown polypeptide, suggesting that both AUGs

were utilised for downstream translation initiation.

Production of additional polypeptides was also tested in cells transfected with VP1-
EGFP tagged constructs, which revealed an alternative hypothesis. In contrast to the IVTs,
only M130 (AUG12) was utilised for the expression of the unknown polypeptide of ~100 kDa.
Thus, a novel VP1 isoform named VP1-N129 was identified. Expression of additional

polypeptides by either M66, M146 or M213 was not detected in cells.

The effects of mutation were examined in the context of RV infection by generating a
panel of mutant viruses using reverse genetics. Interestingly, only the leucine substitution at
M130 residue (M130L) resulted in no virus production, whereas the valine mutation (M130V)
had a similar phenotype to the WT virus. Mutation of M146 had no effect on the viral rescue
nor on replication. To examine the function of the VP1 mutants, their effect on the viral
polymerase activity was investigated by attempting to establish a mini-genome assay.
Preliminary results suggest that the VP1 mutations had no effect on the polymerase function,
although further experiments are needed to improve the sensitivity of the assay. Additionally,
predicted protein structures of M130 and M146 mutants did not show any major differences in

the protein folding compared to the WT RF.
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6.2 Future work and directions

6.2.1 Identification of potential function and mechanism of expression

Data presented in Chapter 5 showed that additional polypeptides were being
expressed in vitro but whether these products provide any functional benefit for the virus still
requires further investigation. It is plausible that during viral infection, downstream alternative
translation initiation that results in the shorter VP1 isoforms acts as a decoy mechanism to
either antagonise the innate immune response or control viral gene expression. In future
studies, their potential effect on the antiviral response could be examined through a type |
interferon assay. Rescuing the VP1 mutants in cell lines expressing WT VP1 could help
elucidate whether the absent signals in the truncated VP1 isoforms are important for virus
replication. Additionally, peptides of interest could be gel extracted and further characterised

by mass spectrometry.

Ribosome profiling could help identify whether the downstream AUGs are being
utilised for translation initiation [459]. Furthermore, generation of recombinant baculoviruses
expressing the VP1 mutants could provide insight into their effect on dsRNA synthesis in vitro
[157]. The mini-genome assay can be further modified to identify the minimum number of
plasmids required for transfection in order to improve the sensitivity of the assay. Additionally,
different mutations of the conserved residues in the ‘GDD’ motif may be more effective at
inactivating the polymerase activity in this assay, thus generating a more reliable negative
control. Potential mechanisms of downstream translation initiation could be assessed by

modifying the Kozak strength around the initiating AUG codons.

The presence of an IRES can be investigated by utilising a bicistronic reporter assay
[512-514]. For example, to demonstrate IRES activity, the sequence upstream of VP1-N129
containing putative IRES could be cloned in-frame between two cistrons, which can be any
fluorescent reporters such as Renilla and firefly luciferases (Figure 6.1) [513, 514]. The test
sequence can either include or exclude the upstream AUG6 (M66), although both options can
be trialled (shaded in grey). Translation of the first cistron will be 5’ cap-dependent whereas
the expression of the second cistron may be IRES-dependent, providing proof for internal
ribosome loading onto the intercistronic sequence (Figure 6.1) [512, 514]. Thus, a sequence
would qualify as an IRES if there is a significant increase in the Cistron-2/Cistron-1 expression

ratio. Potential read-through could be inhibited by introducing a stop codon after the first
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cistron and an empty bicistronic reporter (control) could be used for comparison and establishing
baselines [512, 514].
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Figure 6.1 Schematic representation of the bicistronic reporter construct.

Simplified schematic of VP1 ORF from Figure 5.3A with predicted protein products. Positions
of AUG codons are indicated. Sequence containing putative IRES upstream of VP1-N129 is
placed in-frame between two cistrons. Shaded area represents test sequence that can either
include or exclude AUG6 (M66). In mRNA transcribed from the bicistronic construct, the first
cistron (blue) is translated by 5 cap-dependent scanning mechanism while translation of the
second cistron (green) depends on the presence of an IRES in the intercistronic sequence. For
diagram simplicity, only the 40S ribosomal subunit is shown, other proteins known to participate
in these processes have been omitted. Asterisk denotes a stop codon. (Adapted from
Sonenberg et al., 2016 [513]).
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6.2.2 Analysis of accessory protein expression by other segments

The presence of alternative translation initiation in the RV genome was tested using
the IVT reactions that enabled detection of synthesised polypeptides some of which contained
radiolabelled 3°S-methionine residues. The majority of RV segments showed bands migrating
at sizes corresponding to the main protein products, with some segments producing additional

polypeptides conserved in translations of RF and SA11 segments (Figure 5.2B and C).

Following the IVT reactions, preliminary data was generated from further analysis of
segment 6 (VP6) of the bovine RV strain RF that identified potential AUGs that could be
responsible for the detected unknown polypeptides (Chapter 5, Figure 5.2B, lane 7, pink
arrowheads). Bioinformatic analysis of the first 600 nucleotides of segment 6 showed
presence of downstream AUG codons in all three frames, some of which had a strong Kozak
context (Figure 6.2A). Based on predicted sizes of additional polypeptides hypothetically
derived from internal translation initiation, four AUG candidates: AUG12, AUG13, AUG16 and
AUG17, were selected from frame 1 for downstream experiments (Figure 6.2A, black stars
and table). Subsequently, site-directed mutagenesis of candidate AUGs followed by the IVT
reactions revealed that mutation of AUG13 (M100) and AUG17 (M180) reduced the
expression of additional unknown polypeptides (Figure 6.2B, pink arrowheads). Based on this
initial result, further experiments could involve expressing VP6 truncated products in cells due
to the availability of a commercial antibody targeting this protein. Additionally, future work
could evaluate the conservation of identified AUG codons and their Kozak context across

clinical isolates to determine their importance in viral pathogenicity.

Similarly, potential downstream translation initiation in other segments could be further
investigated through site-directed mutagenesis as well as applying the R script presented in
this work. Furthermore, expression of candidate accessory proteins in other segments could
be investigated through introduction of N- or C-terminal tags. The effects of accessory proteins
on viral pathogenesis could reveal innovative control mechanisms allowing improvements to

be made to the current vaccine designs as well as increase our understanding of RV biology.
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Figure 6.2 Analysis of AUG codons in RV segment 6 (VP6).

Schematic of the first 650 nucleotides of VP6 mRNA ORF showing AUG codons in all reading frames. AUG codons are numbered according to their
position and coloured according to the strength of their Kozak context. Green — strong with A/G at -3 and G at +4; yellow — medium with either A/G at -3
or G at +4; red — weak neither A/G at -3 nor G at +4. Length of the boxes correspond to ORF length. Stars indicate candidate AUGs that may serve as
translation initiation sites for the unknown polypeptides identified in IVT reactions of VP6 (see Chapter 5, Figure 5.2B, lane 7). Box shows a summary

of AUG candidates with their nucleotide positions and corresponding mutations in the VP6 protein.
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Figure 6.3 Site-directed mutagenesis of candidate AUGs in segment 6 (VP6).

IVT reactions were carried out as described in section 5.2.1 and proteins were separated by
SDS-PAGE and detected by autoradiography. Empty pCDNA 3.1 vector was used as a
negative control. The positions of molecular weight markers are indicated (kDa). The blue
asterisk shows the canonical peptide (44 kDa) and pink arrowheads highlight instances of a
decrease in translation of unknown polypeptide species.
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Chapter 8: Appendices

8.1 Appendix A: R script for finding AUGs and Kozak context (courtesy of Sam
Lycett and Marius Diebold)

# R Scripts written by Sam Lycett and Marius Diebold

# Set working directory so R can access the files where they are saved
setwd("C:/Users/s1412131/Desktop/R")

# Loading packages / making them available
library("seqinr")

library("ape")
library("stringr")
library("dplyr")
library("tibble")

HAHHH B R R R R R R R R R R R R
# Part 1: Read and process data - Marius
HHHH B BB R R R R R R

#1. To create data frame, read and assign the ‘File name’.FST file

Viral_proteins <- read.fasta(file =" File name’.FST ", seqtype = c("DNA"),
as.string = TRUE, forceDNAtolower = FALSE set.attributes = TRUE,
legacy.mode = TRUE, seqonly = FALSE,strip.desc = FALSE,
whole.header = TRUE,bfa = FALSE,
sizeof.longlong = .Machine$sizeof.longlong,endian = "big",apply.mask = TRUE)

# 2. To read DNA and asign it to Data frame
DNA_Dataframe <- read.dna(file =" File name’.FST ",format = "fasta",skip = 0,nlines =
0,comment.char = 0,as.character = TRUE, as.matrix = FALSE)

# 3. To extract names from fasta file that reads DNA and assign it to a dataframe
DNA_name <- getName.SeqgFastadna(DNA_Dataframe)
print(DNA_name)

# 4. To separate the title of the files by | and create a matrix
Name_split <- strsplit(DNA_name,split = "[|]")
print(Name_split)

# 5. To make a matrix of names for each sequence

sequence_matrix <- data.frame(matrix(unlist(Name_split), nrow=1689,
byrow=TRUE),stringsAsFactors=FALSE)

names(sequence_matrix)[1:8] <- list("Accession Number","Length", "Segment", "Genotype",
"Host", "Country", "Isolation", "Date")

# 6. To put Viral_proteins into a data frame - all in one function
Viral_proteins_sequence <-
rownames_to_column(data.frame((unlist(Viral_proteins,use.names = TRUE,))))

206



attributes(Viral_proteins_sequence)

# 7. Truncating column name

Truncate_1 <- data.frame(str_trunc(string=Viral_proteins_sequence$rowname,width=9,side
= "right",ellipsis = ""),Viral_proteins_sequence$X.unlist.Viral_proteins..use.names...TRUE....)

# 8. To get and rename column names

# get names of columns for use in next part

colnames(Truncate_1)

names(Truncate_1)[names(Truncate_1) ==
"str_trunc.string...Viral_proteins_sequence.rowname..width...9.."] <- "Accession Number"
names(Truncate_1)[names(Truncate_1) ==
"Viral_proteins_sequence.X.unlist.Viral_proteins..use.names...TRUE...."] <- "Sequence"

# 9. To match the accession number to sequence - correct way
Final_Table <- inner_join(sequence_matrix, Truncate_1,by=c("Accession Number" =
"Accession Number"))

HHHHERHHHHHHHR R R R R R R AR
Use above in combination with set functions from Sam from Part 2 onwards or use this full
code from Sam below

HHHHHRHHHHHHH AR R R R R R R AR

HHHHH R R R
# Import other utility code
HH R R TR T R R

# 26 May 2022 - utility code

# setwd to the data path

# on my computer this is

setwd("Documents/Ola/")

# compile custom function from source (put getEl.R into this folder as well)
# else manually open file getEl.R and do run all

Rpath <-""

source(pasteO(Rpath,"getElL.R"))

HHHHHHHHHH R HH R R HH
# Define custom functions - DO NOT CHANGE THESE
HHHHHHHHHHH T

# Custom functions

# this works on read.fasta sequence string

find_motif <- function(seq, motif="atg",return. NULL=TRUE) {
pos <- gregexpr(tolower(motif), tolower(seq))[[1]]
return(pos)

}

# use the output of find_motif in this function along with the list of sequence names
make_motif_list_ to_matrix <- function(aug_list,taxa) {

nseqs <- length(aug_list)

#npos_per_seq <- unlist(lapply(aug_list,length))

all_pos <- setdiff(sort(unique(unlist(aug_list))),-1) # 26 May remove -1 because this
means not present

all_pos_matrix <- matrix(0, nsegs, length(all_pos))

rownames(all_pos_matrix) <- taxa

colnames(all_pos_matrix) <- pasteQ("Site",all_pos)
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for (j in 1:nseqs) {
kk <- match(aug_list[[j]],all_pos)
all_pos_matrix[j,kk] <- 1

return(all_pos_matrix)

}

# cn = column names
get_coding_frame_from_site_number <- function(cn, txt="Site") {
ch <- gsub(txt,"",cn)
cn <- as.integer(cn)
codingFrame <- ((cn-1) %% 3)+1
return(codingFrame)

}

# 26 May 2022
plot_aug_matrix <- function(aug_pos_matrix,cols=brewer.pal(8,"Blues")[8:1]) {
# sname=sname, ttxt=gsub(".fas","",sname),
#image(t(aug_pos_matrix), col=cols, axes=FALSE, xlab="Position",
ylab="Sequences")
#nVarSites <- length(aug_pos_matrix[1,])
#xpos <- (0:(nVarSites-1))/nVarSites
#xlab <- gsub("Site","",colnames(aug_pos_matrix))
#axis(1,at=xpos,lab=xlab)
#title(ttxt)
temp <- aug_pos_matrix
rownames(temp) <- NULL

heatmap(temp, Rowv=NA, Colv=NA, col=cols, xlab="Site", margins=c(5,0))

}

R R R T R R R T R R R R

# Pre-amble - ONLY DO THIS ONCE TO CONVERT TO FASTA - MIGHT NOT BE

NECESSARY

HHHH B R B B B B B B B B BB B B R R R R

#dataPath <- ™"
#setwd(dataPath)
#sname <- "RVA VP1(dfs).fasta"

doConvert <- FALSE

if (doConvert) {
# change directory to data directory
# in this case Ola

# convert to new file name

dataPath <- "Ola/Alignments from Virus Variation_NCBI/"

sname <- pasteO(dataPath,"Exported_NSP5_partially cleaned.txt")
seqs <-read.dna(sname,format="fasta",as.matrix=FALSE)

# new folder and name

dataPath <- "Ola/Alignments_VV/"
sname <-"NSP5.fas"
dir.create(dataPath)

write.dna(segs, file=pasteO(dataPath,sname), format="fasta", nbcol=-1, colsep="")
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HHBHH R B R B R B
# MAIN SCRIPT
HEHHHH R R R R R R

HH R R R R R R R R R R R R R R R
# Set up paths and data - you may CHANGE THIS for different segments / data files
HHH B R R R
# define path where the data is

dataPath <- "Alignments_VV/"

# CHANGE THIS FILENAME to be the fasta file you want to process
# choose segment file to process (in this case NSP5)
sname <-"NSP5.fas"

# define output path
outPath <-"Alignments_VV_results/"

# create path - only really need to do this once but it wont hurt to do it again
if (Idir.exists(outPath)) {
dir.create(outPath)

}

HH T R T R R R R R R T
# Part 1: Read and process data - AUG - you DO NOT need to change this
HHHHH R R

print("** START **")

# read fasta format sequences

#seqs <- read.fasta(sname,seqtype="DNA", whole.header = TRUE, as.string=TRUE)
seqs <-read.dna(pasteO(dataPath,sname),format="fasta",as.matrix=FALSE)

nseqgs <- length(seqs)

taxa <- attributes(segs)$name

print(paste("Number of sequences:",length(taxa)))

# find all aug - will come out a list

aug_list <- vector("list",nseqs)

for (j in 1:nseqs) {
seqtxt <- paste(unlist(as.character(seqs][j])),collapse="")
aug_list[[j]] <- find_motif(seqtxt, motif="atg")

# use custom function to make to matrix
aug_pos_matrix <- make_motif_list_to_matrix(aug_list,taxa)

# write data to file
write.csv(aug_pos_matrix,
file=paste0(outPath,gsub(".fas","",sname)," _aug_pos_matrix.csv"))

# display

imageName <-
paste0O(outPath,gsub(".fas","",sname),"_aug_pos_matrix_simple_image_plot.png")
png(file=imageName, height=6*300, width=6*300, res=300)
plot_aug_matrix(aug_pos_matrix)
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dev.off()
print(imageName)

#fract_aug_per_site  <- apply(aug_pos_matrix,2,sum)/length(aug_pos_matrix[,1])

HH R R R R R R R R R R R R R R
# Part 2: Read and process data Strong & Moderate Kosak sequences - you DO NOT need
to change this

HH R R R R R R R R R R R

npos <- length(unlist(as.character(segs]j])))
nseqs  <- length(segs)

# Strong and Moderate individually - same method as above
# define motifs

strong_kosak <- "[ag]..atgg"

mod_kosak <- "[ag]..atga"

# make lists
strong_list <- vector("list",nseqs)
mod_list  <- vector("list",nseqgs)

# populate lists

for (j in 1:nseqgs) {
seqtxt <- paste(unlist(as.character(seqs]j])),collapse="")
mod_list[[j]] <-find_motif(seqtxt, motif=mod_kosak)
strong_list[[j]] <- find_motif(seqtxt, motif=strong_kosak)

# use custom function to make to matrix
strong_pos_matrix <- make_motif_list_to_matrix(strong_list,taxa)
mod_pos_matrix <- make_motif_list_to_matrix(mod_list,taxa)

# write data to file

write.csv(strong_pos_matrix,
file=pasteO(outPath,gsub(".fas","",sname),"_strong_pos_matrix.csv"))
write.csv(mod_pos_matrix,

file=pasteO(outPath,gsub(".fas","",sname)," _mod_pos_matrix.csv"))

# display

imageName <-
pasteO(outPath,gsub(".fas","",sname)," strong_pos_matrix_simple_image_plot.png")
png(file=imageName, height=6*300, width=6*300, res=300)
plot_aug_matrix(strong_pos_matrix)

dev.off()

print(imageName)

imageName <-
pasteO(outPath,gsub(".fas","",sname)," _mod_pos_matrix_simple_image_plot.png")
png(file=imageName, height=6*300, width=6*300, res=300)
plot_aug_matrix(mod_pos_matrix)

dev.off()

print(imageName)

# split to coding frames
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strong_pos_coding_frame <- get_coding_frame_from_site_number(
colnames(strong_pos_matrix) )

mod_pos_coding_frame <- get_coding_frame_from_site_number(
colnames(mod_pos_matrix) )

# write separate coding frames to files

for (cfin 1:3) {
strong_in_frame_matrix <- strong_pos_matrix[,which(strong_pos_coding_frame==cf)]
mod_in_frame_matrix <- mod_pos_matrix[,which(mod_pos_coding_frame==cf)]

write.csv(strong_in_frame_matrix,
file=pasteO(outPath,gsub(".fas","",sname),"_strong_in_frame_matrix_codingpos",cf,".csv"))
write.csv(mod_in_frame_matrix,

file=pasteO(outPath,gsub(".fas","",sname),"_mod_in_frame_matrix_codingpos",cf,".csv"))

}

HHH B R R R
# Part 3: Read and process data - Kosak sequences all in one - you DO NOT need to change
this

# Il except please check the weak def !!

HHHBHHH R R R R R R R R R

print("** Part 3 - AUG, weak, moderate, strong **")

# all in one

strong_kosak <- "[ag]..atgg"

mod_kosak <- "[ag]..atga"

weak_kosak <-"...atg[ag]" # what is a weak kosak ? just guessing here - this needs checking
motif_list <- c¢("atg",weak_kosak,mod_kosak,strong_kosak)

motif name <-¢("AUG","Weak","Moderate","Strong")

# 1 =aug, 2 = weak, 3 =mod, 4 = strong

# position normally reports as the first matching position in the motif
# but kosak sequences start 3 back from AUG so use offsets

# set all these to O if not want to use

motif offset <-c(0, 3, 3, 3)

# use whole position matrix
# put 1 if AUG only; 2 if weak, 3 if moderate; 4 if strong
# note that the strongs will over-ride the moderate, weak and AUGs etc
# so the AUGs in here are the ones which are only AUG, and not also weak, moderate or
strong
kosak_matrix <- matrix(0, nsegs, npos)
rownames(kosak_matrix) <- taxa
for (jin 1:nseqs) {
seqtxt <- paste(unlist(as.character(seqs]j])),collapse="")

for (k in 1:length(motif _list)) {
found_pos <- find_motif(seqtxt, motif=motif_list[k])
if (length(found_pos)>0) {
if (found_pos[1]'=-1) {
kosak_matrix[j,found_pos-motif_offset[k]] <- k
}
}
}
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}

kcols <- rainbow(4,s=0.7,v=0.7)[4:1]
plot_aug_matrix(kosak_matrix, cols=c("grey80",kcols))

# write data to file
write.csv(kosak_matrix,
file=pasteO(outPath,gsub(".fas","",sname)," kosak_ matrix_1234.csv"))

# display

imageName <-

pasteO(outPath,gsub(".fas","",sname),"_kosak_matrix_1234_image_plot.png")

png(file=imageName, height=6*300, width=6*300, res=300)

plot_aug_matrix(kosak_matrix, cols=c("grey80",kcols))

dev.off()

print(imageName)

logName <- pasteO(outPath,gsub(".fas","",sname)," kosak_summary.txt")

write("** 2022-03-14_find_motif.R **", file=logName, append=FALSE)

write(paste("dataPath=",dataPath), file=logName, append=TRUE)

write(paste("outPath=",outPath), file=logName, append=TRUE)

write(paste("sname=",sname), file=logName, append=TRUE)

write(paste("nsegs=",nseqs), file=logName, append=TRUE)

write(paste("npos=",npos), file=logName, append=TRUE)
(

write
write(paste(1:length(motif_name),
file=logName, append=TRUE)
write(" ", file=logName, append=TRUE)
write("List of sites found in whole file:", file=logName, append=TRUE)
# checking site lists
for (kin 1:4){

pos <- which(apply(kosak_matrix==k,2,sum)>0)

txt <-paste(motif_namelk],":",paste(pos,collapse=""))

", file=logName, append=TRUE)

,motif name,"=",motif_list,"; offset=",motif_offset),

print(txt)
write(txt, file=logName, append=TRUE)
}
write(" ", file=logName, append=TRUE)

IR TR R R R R R R R
# Part 4: Read and process data by Host - you DO NOT need to change this
HHH B R R R R R R

print("** Part 4 - By Host **")

# get host names from taxa labels, these are in position 5 - using custom function getEI.R (see
at top)
all_host <- apply(as.matrix(taxa), 1, getEl, ind=5, sep="\\")

# TO CHECK
# grouping hosts - please check these and alter if nec
umainHost <- ¢("Homo sapiens","Sus scrofa","Bos taurus","Gallus gallus")
host <-all _host
ii <- which(lis.finite(match(host,umainHost)))
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host[jj] <-"Other"

uhost  <- c(umainHost,"Other")
host  <-factor(host, levels=uhost)
htbl  <- table(host)

write("** By Host **", file=logName, append=TRUE)
write("Host composition:", file=logName, append=TRUE)
write(paste(names(htbl),"=",htbl), file=logName, append=TRUE)

dateTxt <- apply(as.matrix(taxa), 1, getEl, ind=1, fromEnd=TRUE, sep="\\]")
year  <- apply(as.matrix(dateTxt), 1, getEl, ind=1, sep="/")
year[which(dateTxt=="")]  <- "Unknown"

year[which(dateTxt=="feces")] <- "Unknown"

year_host_tbl <- table(year,host)
write.csv(year_host_host, file=pasteO(outPath,gsub(".fas","",sname)," year_host_tbl.csv"))

## CHECK THIS - set best_pos to be the sites you are particularly interested in

all_pos <- which(apply(kosak_matrix>0,2,sum)>0)

best _pos <- which(apply(kosak_matrix>0,2,sum)>(0.3*nseqs)) # at least 30% of the
sequences have this position

#human_pval  <- array(1,length(all_pos))

#for (i in 1:length(all_pos)) {

# human_pvalli] <- fisher.test( table(host=="Homo sapiens" kosak matrix[,all_posi]])
)$p.value

#}

write(paste("Plotting at positions:",paste(best_pos)), file=logName, append=TRUE)
kcols <- rainbow(4,s=0.7,v=0.7)[4:1]

for (h in 1:length(uhost)) {
hinds <- which(host==uhost[h])
hk_matrix  <- kosak_matrix[hinds,]
fract_conserve <- matrix(0, length(motif_name), npos)
rownames(fract_conserve) <- motif_name
for (k in 1:length(motif_name)) {
fract_conservelk,] <- apply(hk_matrix==k, 2, mean)
}
fp <- fract_conserve[,best_pos]
colnames(fp) <- best_pos
fp <- fp*100

imageName <-
pasteO(outPath,gsub(".fas","",sname)," ",uhost[h],"_selected_kosak_barplot.png")
png(file=imageName, height=6*300, width=12*300, res=300)
barplot(fp, col=kcols,border=FALSE,ylim=c(0,110), xlab="Site", ylab="Sequences %")
legend("top",motif _name,pch=22,pt.bg=kcols,col=kcols,bty="n", horiz=TRUE)
title(pasteO(uhost[h]," n=",length(hinds)))
dev.off()
print(imageName)
}
write(" ", file=logName, append=TRUE)
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print(paste("Log of info to:",logName))
print(ll** END **ll)
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8.2 Appendix B: AlphaFold parameters (courtesy of Dr Barbara Shih)

#!/bin/bash

# Grid Engine options (lines prefixed with #3)

#$ -1 h_rt=200:00:00

# Set working directory to the directory where the job is submitted from:
#$ -cwd

#$ -pe sharedmem 2

#$ -l h_vmem=1000G

# Initialise the environment modules and load CUDA

. letc/profile.d/modules.sh

module add singularity/3.5.3
module add roslin/python/3.6.8
module add igmm/apps/alphafold/2.0.0

FASTA_LIST=${fasta_list} # file with file names of fasta in the IN_FASTA DIR

IN_FASTA DIR=%{in_fasta_dir} # Please use absolute path. This is the folder with the input
fasta files. | use the directory name as sub directory for output
MODEL_PRESENT=${model_present} # Please set this to monomer, monomer_casp14,

monomer_ptm, or multimer

IN_DIR_BASENAME=$(basename $IN_FASTA DIR)
OUT_DIR=%{out_dir}/${IN_DIR_BASENAME} # Please use absolute path

mkdir -p $(dirname $OUT_DIR) $OUT_DIR

IN_FASTA=$(awk "NR==$SGE_TASK_ID" $FASTA_LIST)
#IN_FASTA=${IN_FASTA_DIR}/${IN_FASTA}

# please use full path
DATABASE_DIR="/exports/cmvm/eddie/eb/groups/EEID_Mareks_IBV/members/roslin_bioin
formatics/2021-07-23-_9707_EEID_AlphaFold_setup/databases"
ALPHAFOLD_SINGULARITY="/exports/cmvm/eddie/eb/groups/EEID_Mareks_IBV/member
s/roslin_bioinformatics/2021-07-23-_9707_EEID_AlphaFold_setup/alphafold/alphafold2.sif"
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ALPHA_FOLD_GIT="/exports/cmvm/eddie/eb/groups/EEID_Mareks_IBV/members/roslin_bi
oinformatics/2021-07-23- 9707 _EEID AlphaFold_setup/alphafold”
MAX_TEMPLATE_DATE="2021-08-11" # change this to a consistant date for your own

project

ALPHAFOLD_MODELS_DIR="${DATABASE_DIR}/params"
WORKING_DIR=$(pwd)

singularity run \

-B $SDATABASE_DIR:/data \

-B $IN_FASTA DIR:/fasta \

-B $ALPHAFOLD_MODELS DIR\

-B ../etc\

--pwd $ALPHA_FOLD_GIT $SALPHAFOLD_SINGULARITY \
--fasta_paths=/fasta/${IN_FASTA}\
--uniref90_database_path=/data/uniref90/uniref90.fasta \

--data_dir=/data \

--mgnify_database_path=/data/mgnify/mgy_clusters 2018 12.fa\

bfd_database path=/data/bfd/bfd_metaclust_clu_complete id30_c90 final seq.sorted opt\
--uniclust30_database path=/data/uniclust30/uniclust30_2018 08/uniclust30 2018 08\
--pdb70_database_path=/data/pdb70/pdb70 \
--template_mmcif_dir=/data/pdb_mmcif/mmcif_files \

--obsolete pdbs_path=/data/pdb_mmcif/obsolete.dat \
--max_template_date=$MAX_TEMPLATE_DATE \
--model_preset="${MODEL_PRESENT}" \

--output_dir=$OUT_DIR\

--db_preset=full_dbs
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8.3 Appendix C: Identified AUG codons per frame for RV strains RF and SA11.

AUGH#

Segment Gene
1 VP1
AUG2
AUG3
AUG4
AUG5
AUG6
AUG7
AUGS
AUGY
AUG10
AUG11
AUG12
AUG13
AUG14
AUG15
AUG16
AUG17
AUG18
AUG19
AUG20
AUG21
AUG22
AUG23

AUG1 (Canonical)

Positions

(start .. stop)

19..3285
209..286
214..3285
221..286
406..3285
454..3285
604..3285
655..3285
901..3285
934..3285
982..3285
1033..3285
1093..3285
1111..3285
1138..3285
1160..1243
1163..1243
1282..3285
1291..3285
1300..3285
1456..3285
1487..1633
1526..1633

RF

Length (nt/

aa)

3267 | 1088
78|25
3072 | 1023
66 | 21
2880 | 959
2832 | 943
2682 | 893
2631 876
2385 | 794
2352 | 783
2304 | 767
2253 | 750
2193 | 730
2175 | 724
2148 | 715
84 | 27
8126
2004 | 667
1995 | 664
1986 | 661
1830 | 609
147 | 48
108 | 35

Frame

Position Position

-3

O>P2P20O>»2>2>2>2>0>»-A2>P2>2000-12>0G0 >

+4

HBOO0OOOLBOXrP>POOA10>2PPO>rPr-A40004H0O

Kozak

Strong
Moderate
Strong
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Strong
Strong
Moderate
Moderate
Moderate

217



VP2

AUG24
AUG25
AUG26
AUG27
AUG28
AUG29
AUG30
AUG31
AUG32
AUG33
AUG34
AUG35

AUG1 (Canonical)
AUG2
AUG4
AUG5
AUG6
AUG7
AUGS
AUGY
AUG10
AUG11
AUG12
AUG13
AUG15
AUG16
AUG18
AUG20

1532..1633
1561..3285
1636..3285
1648..3285
1660..3285
1723..3285
1957..3285
2227..3285
2342..2413
2596..3285
3205..3285

3216..>3302

17..2659
66..161
87..161

116..2659
545..2659
572..2659

600..680

698..2659

878..2659

1061..2659
1172..2659
1190..2659
1238..2659
1268..2659
1340..2659
1535..2659

102 | 33
1725 | 574
1650 | 549
1638 | 545
1626 | 541
1563 | 520
1329 | 443
1059 | 352
72|23
690 | 229
81126
87|28

2643 | 880
96 | 31
75|24

2544 | 847

2115 | 704

2088 | 695
81126

1962 | 653

1782 | 593

1599 | 532

1488 | 495

1470 | 489

1422 | 473

1392 | 463

1320 | 439

1125 | 374

W = 2 N 22 a a a a N

N NDNDNDNDNDNDNDNDDNONDDNDNDNDWWwWN

>POPP>PPOOP6OP»AHAO

- 0O00PPOPPPOOOO P> > P>

DrTO0060O066O0>00GO4H

HBO4dA444 40 >P00600>2>0

Moderate
Moderate
Strong
Moderate
Moderate
Moderate
Moderate
Moderate
Strong
Moderate
Moderate
Strong

Moderate
Moderate
Moderate
Moderate
Moderate
Strong
Moderate
Moderate
Strong
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
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VP3

AUG22
AUG23
AUG24
AUG25
AUG26
AUG28
AUG29
AUG32
AUG33
AUG35
AUG36

AUG1 (Canonical)
AUG5
AUG6
AUGS8
AUG9
AUG10
AUG11
AUG12
AUG13
AUG14
AUG15
AUG16
AUG17
AUG22
AUG25
AUG26

1577..2659
1688..2659
1693..1830
1703..2659
1709..2659
1785..1889
1928..2659
2081..2659
2144..2659
2264..2659
2460..2543

50..2557
444.512
578..2557
833..2557
872..2557
899..2557
1199..2557
1208..2557
1286..2557
1413..1505
1419..1505
1536..1613
1640..2557
2237..2557
2291..2557
2426..2557

1083 | 360
972|323
138 | 45
957 | 318
951 | 316
105 | 34
732|243
579 | 192
516 | 171
396 | 131
84 | 27

2508 | 835
69 | 22
1980 | 559
1725 | 574
1686 | 561
1659 | 552
1359 | 452
1350 | 449
1272 | 423
93|30
87|28
78|25
918 | 305
3211106
267 | 88
13243

W NDNDNDNWDNDND-_2DNDN

N NDNDNWWWNDNDNNDNDNDNDNDNDDNDWDN

>>O0>»2P>P0r>>0 0P

>P>HOP>PPO0PO0>»10>2>0 >

00000400

4004 4> 060 >0 44> > >

Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Strong
Moderate
Moderate
Moderate

Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Strong
Strong
Moderate
Moderate
Moderate
Moderate
Moderate
Strong
Moderate
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5

VP4

NSP1

AUG1 (Canonical)
AUG5
AUG6
AUG11
AUG12
AUG13
AUG15
AUG11
AUG18
AUG19
AUG21
AUG22
AUG23
AUG24
AUG25
AUG28

AUG1 (Canonical)
AUG3
AUG4
AUG5
AUG7
AUGS8
AUG9
AUG10
AUG12
AUG13
AUG15
AUG16

10..2340
511..2340
518..601
604..2340
802..2340
1102..2340
1144..2340
1198..2340
1549..2340
1588..2340
1639..2340
1654..2340
1742..1819
1879..2340
1900..2340
2069..2143

32..1507

151..240
278..1507
332..1507

489..566
521..1507
611..1507
728..1507
857..1507
1076..1507
1107..1172
1208..1507

2331|776
1830 | 609
84 | 27
1737 | 578
1539 | 512
1239 | 412
1197 | 398
1143 | 380
792 | 263
753 | 250
702 | 233
687 | 228
78|25
462 | 153
441 | 146
75|24

1476 | 491
90 | 29
1230 | 409
1176 | 391
78|25
987 | 328
897 | 298
780 | 259
651|216
432|143
66 | 21
300 | 99

N D 2 N A aa a N A

N WODNDNDNDNDNWOWDNDDND-=22DN

OO0O0O0 160600 0>»0>X>P0OD>»

QOOG>FPOPXrPA>>»>rro

OQroa0orH442>» 40 02>»02>»0

400046044000

Strong
Moderate
Strong
Moderate
Moderate
Strong
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Strong
Moderate
Moderate

Strong
Strong
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Strong
Moderate
Moderate
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8

AUG17
AUG18
AUG19
AUG20

VP6 AUG1 (Canonical)
AUG4
AUG5
AUG6
AUG7
AUGS
AUGY
AUG10
AUG11
AUG13
AUG14
AUG15

VP7 AUG1 (Canonical)
AUG3
AUG4
AUG5
AUG7
AUGS
AUGY
AUG10
AUG11

NSP2 AUG1 (Canonical)

1301..1507
1310..1507
1340..1507
1370..1507

24.1217
144.1217
148..237
154..237
304..375
312..1217
321..1217
5562..1217
561..1217
921..1217
1047..1217
1116..1217

49..1029
136..1029
235..1029

339..404
502..1029
550..1029
898..1029
901..1029

921..992

47..1000

207 | 68
198 | 65
168 | 55
138 | 45

1194 | 397
1074 | 357

90 | 29
84 | 27
72|23
906 | 301
897 | 298
666 | 221
657 | 218
297 98
17156
10233

981|326
894 | 297
795 | 264
66 | 21

528 | 175
480 | 159
13243
129 | 42
72|23

954 | 317

N NDNDDN

W WWWWwWwwWw-_2 A www

W A 2 a a W=

Q> rao

@Pr>>HOA>OH> >

>r>r 00 d44d>4H

@

>O0r 40060 4> 02>»0 >rT o0

QOro-H400a64H

@

Moderate
Strong
Moderate
Moderate

Strong
Moderate
Moderate
Moderate
Moderate
Moderate

Strong
Moderate
Moderate
Moderate
Moderate
Moderate

Weak
Strong
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Strong

Strong
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9

10

11

AUG3
AUG4
AUG6
AUG9

NSP3 AUGH1 (canonical)
AUG2
AUG3
AUG4
AUG5
AUG6
AUG7
AUGS
AUGY
AUG10
AUG13
AUG15
AUG16

NSP4 AUG1 (Canonical)
AUG3
AUG4
AUG5
AUG6
AUG7
AUGY

NSP5 AUG1 (Canonical)
AUG7

192.

.257

254..1000
542..1000
923..1000

26..967
35..967
53..967

122.
185.
249.
287.
341.
344.
374.
512.
641.
779.

.967
.967
317
.967
.967
.967
.967
.967
.967
.967

42..569

129.
201.
336.
357.
375.
471.

.569
.569
.569
.569
.569
.569

22..618

292.

.618

66 | 21
747 | 248
459 | 152

78|25

942 | 313
933310
915 | 304
846 | 281
783 | 260
69 | 22
681|226
627 | 208
624 | 207
594 | 197
456 | 151
327|108
189 | 62

528 | 175
441|146
369 | 122
234 | 77
21370
195 | 64
99 | 32

597 | 198
327|108

N NDNDNDNNDNDNOWODNMNDNNDDNDDND N NN W

W WWwWwwwow

> > o -

4> > P> rrd440 00>

QOO Orae>

)

OQ-1HO>P0r00000O >4 >0

>rTrP02>00

@ -

Moderate
Moderate
Moderate
Moderate

Weak
Strong
Moderate
Moderate
Strong
Moderate
Moderate
Moderate
Moderate
Moderate
Strong
Moderate
Moderate

Strong
Strong
Moderate
Moderate
Moderate
Moderate
Moderate

Moderate
Moderate
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AUGS8 373..618 246 | 81 1 A A Moderate

NSP6 AUG2 80..376 297|198 2 A A Moderate
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Segment

1

Gene

VP1

AUGH

AUG1
(Canonical)

AUG4
AUG5
AUG6
AUGT7
AUGS
AUG9
AUG10
AUG11
AUG12
AUG13
AUG14
AUG15
AUG18
AUG19
AUG20
AUG21
AUG25
AUG26
AUG28
AUG29
AUG30
AUG31

Positions

(start .. stop)

19..3285
221..289
406..3285
454..3285
604..3285
655..3285
901..3285
934..3285
982..3285
1033..3285
1093..3285
1111..3285
1138..3285
1282..3285
1291..3285
1300..3285
1456..3285
1561..3285
1636..3285
1660..3285
1723..3285
2111..2176
2227..3285

SA11

Length (nt/ aa)

3267 | 1088

69 | 22
2880 | 959
2832 | 943
2682 | 893
2631 | 876
2385 | 794
2352 | 783
2304 | 767
2253 | 750
2193 | 730
2175 | 724
2148 | 715
2004 | 667
1995 | 664
1986 | 661
1830 | 609
1725 | 574
1650 | 549
1626 | 541
1563 | 520
66 | 21
1059 | 352

Frame

AN ) A A A A e e e e e e e A A A A N -

Position Position

-3

>P>0O0>»P2P>PrPO0PPr2reoar»-H4r>»ro06000»>>»

+4

O O0>060 1006004406022 4>» 4000

Kozak

Strong
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate

Strong

Strong
Moderate

Strong

Strong
Moderate
Moderate
Moderate
Moderate
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VP2

AUG33
AUG33
AUG34

AUGH1 (canonical)
AUG2
AUG4
AUG6
AUG7
AUGS
AUGY
AUG10
AUG11
AUG12
AUG13
AUG15
AUG16
AUG17
AUG18
AUG19
AUG20
AUG22
AUG23
AUG26
AUG27
AUG28
AUG29
AUG32
AUG33

2596..3285
2684..2749
3205..3285

17..2665
66..164
285..347
545..2665
551..2665
578..2665
704..2665
884..2665
1067..2665
1178..2665
1196..2665
1244..2665
1274..2665
1300..1365
1346..2665
1355..2665
1541..2665
1583..2665
1694..2665
1709..2665
1715..2665
1774..1836
1934..2665
2081..2665
2087..2665

690 | 229
66 | 21
8126

2649 | 882
99 | 32
63 | 20

2121706

2115 | 704

2088 | 695

1962 | 653

1782 | 593

1599 | 532

1488 | 495

1470 489

1422 | 473

1392 | 463
66 | 21

1320 | 439

1311|436

1125|374

1083 | 360

972 | 323

957 | 318

951|316
63 | 20

732|243

585 | 194

579|192

—

—

N NDN=22INNDNDNDDNDNDDNDNDNNDNN_2DNDNNNDNNDNDNDNDNNDNDNDNNNDNOODN

0o >

>OP>2>>P>H4P>PH4>P02>P2002>P02>P2>P0004d>»>H

> 0 4

OQrFPrT4H02>2000004A4d4d4444144102>0002>»2>»0

Moderate
Moderate
Moderate

Moderate
Moderate
Moderate
Moderate
Moderate
Strong
Moderate
Strong
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
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VP3

VP4

AUG34
AUG35
AUG36
AUG36

AUG1
(Canonical)

AUG4

AUG6

AUGS8
AUG11
AUG12
AUG16
AUG22
AUG23
AUG24
AUG25
AUG26
AUG27

AUG1
(Canonical)

AUG3
AUG4
AUG6
AUG5
AUG9
AUG11
AUG12

2150..2665
2171..2665
2270..2665
2466..2549

50..2557
438..509
578..2557
833..2557
1199..2557
1208..2557
1536..1613
2237..2557
2270..2557
2277..2342
2291..2557
2426..2557
2462..2557

10..2340
104..283
143..283
206..283
511..2340
521..607
604..2340
802..2340

516 | 171
495 | 164
396 | 131
84 |27

2508 | 835

72|23
1980 | 559
1725 | 574
1359 | 452
1350 | 449
78| 25
321106
288 | 95
66 | 21
267 | 88
13243
96 | 31

2331|776

180 | 59
141 | 46
78|25

1830 | 609
87|28

1737 | 578

1539 | 512

N NN WOWOWDNMNDNWOWDNDDNMNDNDNDNWDN W NDNDN

>> 00

>>P>2>2>2>r>0>>»>>>p

AP>rP>O-HO> P

>0 40

>HO0>rP2>2T0>r02>02>0 >

O>r2>22>00-40

Moderate
Moderate
Moderate
Moderate

Moderate
Strong
Moderate
Moderate
Moderate
Strong
Moderate
Strong
Moderate
Moderate
Strong
Moderate
Moderate

Strong
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
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5

NSP1

AUG13
AUG15
AUG16
AUG17
AUG18
AUG19
AUG21
AUG22
AUG24
AUG25
AUG26
AUG27
AUG28

AUG1
(Canonical)

AUG3

AUG5

AUGS8
AUG10
AUG11
AUG12
AUG13
AUG14
AUG15
AUG16
AUG18
AUG19
AUG21

971..1042
1144..2340
1188..1289
1352..1429
1549..2340
1588..2340
1639..2340
1654..2340
1879..2340
1900..2340
2045..2143
2048..2143
2069..2143

31..1521

194..289
385..1521

500..568
613..1521
859..1521
862..1521
919..1521
1060..1521
1075..1521
1189..1521
1258..1521
1330..1521
1450..1521

72|23
1197 | 398
102 | 33
78|25
792 | 263
753 | 250
702 | 233
687 | 228
462 | 153
441 | 146
99 | 32
96 | 31
75|24

1491 | 496

96 | 31
1137 | 378
69 | 22
909 | 302
663 | 220
660 | 219
603 | 200
462 | 153
447 | 148
333110
264 | 87
19263
72|23

N NN 22 A A aaapNhNwWwW-a2N

R\ L U U S U U G O O O TS G R

4> 2> 000 4160 04>»0 -

QOPOHOGIPZPTOI»2>OO

QH4H>>PO02>r0-1400 40

>TOHOOA>>>A42>00

Moderate
Moderate
Strong
Moderate
Moderate
Moderate
Moderate
Moderate
Strong
Moderate
Moderate
Moderate
Moderate

Strong
Strong
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
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VP6

VP7

AUG22
AUG23
AUG24

AUG1
(Canonical)

AUG4
AUG5
AUG6
AUGT7
AUGS
AUG9
AUG10
AUG11
AUG13
AUG15

AUG1
(Canonical)

AUG2
AUG3
AUG4
AUG5
AUGT7
AUGS8
AUGY
AUG10
AUG13

1508..1609
1514..1609
1526..1609

24.1217
144.1217
148..237
154..237
304..372
312.1217
321..1217
552..1217
561..1217
921..1217
1116..1217

50..1030
137..1030
207..329
236..1030
340..405
503..1030
551..1030
608..1030
741..824
922..1041

102 | 33
96 | 31
84 | 27

1194 | 397

1074 | 357
90 | 29
84 | 27
69 | 22

906 | 301

897 | 298

666 | 221

657 | 218
297 | 98
10233

981 | 326

894 | 297
123 40
795 | 264
66 | 21

528 | 175
480 | 159
423 | 140
84 | 27

120 | 39
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Moderate
Moderate
Moderate

Strong
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Moderate
Moderate
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Strong
Moderate
Moderate
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Moderate
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Strong
Strong
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
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8

9
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NSP2

NSP3

NSP4

AUG1
(Canonical)

AUG2
AUG3
AUG4
AUG5
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AUG6
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(Canonical)
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290..
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1000
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1000
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53..973
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341.
344.
374.
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629.
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779.

973
973
973
973
973
973
973
973
973

42..569

129.
201.

.569
.569

954 | 317

867 | 288
837 | 278
747 | 248
729 | 242
711|236
459 | 152
87|28
66 | 21
78|25

948 | 315

939|312
921 | 306
852 | 283
789 | 262
633|210
630 | 209
600 | 199
462 | 153
345|114
333|110
195 | 64

528 | 175
441 | 146
369 | 122
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Strong
Moderate
Strong
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Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
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Strong
Moderate
Strong
Strong
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Moderate
Moderate
Strong
Moderate
Moderate
Moderate

Strong
Strong
Moderate
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11

NSP5

NSP6

AUG5
AUG6
AUGT7

AUG1
(Canonical)

AUGT7
AUGS

AUG2

336..569
357..569
375..569

22..618
292..618
497..571
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75|24
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Moderate
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