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Abstract

Infectious bronchitis virus (IBV) is a highly infectious Gammacoronavirus, causing
respiratory disease in poultry. The IBV virion consists of four structural proteins: spike
(S), membrane (M), nucleocapsid (N) and envelope (E). The E protein has been
shown to function in viral assembly, release, and pathogenesis. Two forms of E are
found in infected cells: monomeric and a pentameric ion channel. Two mutations,
T16A and A26F, select for either the pentameric or monomeric form, respectively.
Previous work reports that these two mutations abolish E protein ion channel activity.
Using reverse genetics, either the mutation T16A or A26F were incorporated in a
non-pathogenic (Beau-R) or pathogenic (M41-K) IBV backbone. The resulting rIBVs
were assessed in relation to genetic stability, replication and cytopathogenicity.
Characterisation of the Beau-R based rIBVs, BeauR-T16A and BeauR-A26F
respectively, identified that the effect of these mutations was dependent on cell-type.
Generation of the T16A and A26F mutations in a pathogenic strain, M41-K, aimed to
investigate these mutations as vaccine targets. The rIBV M41K-A26F was unable to
be rescued suggesting the monomeric form of E is essential for viral replication.
Additionally, isolates of rIBV M41K-T16A, unlike BeauR-T16A generated mutations
in the S and M proteins, which may have been compensatory and potentially
facilitated replication. This indicates that these mutations may have a strain-
dependent effect. M41K-T16A retained pathogenicity in vivo however the potential
role of additional mutations in genome needs to be investigated further. To investigate
the role of the E protein in the assembly and release of virus, mass spectrometry,
bioimaging techniques and cellular inhibitors were used. This thesis furthers
knowledge on the function of the coronavirus E protein during infection and
demonstrates that both the cell-type and IBV strain are important considerations for

the future study of the E protein in IBV replication.
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Chapter 1: Introduction

1.1. The CoronaviridaeFamily

1.1.1. Nidovirales Order

The Nidovirales order is defined by their enveloped virions and positive-sense, single-
stranded RNA genomes (1). Although the genomic organisation of the Nidovirales
order is similar, there is a huge level of variation in genome size. The Nidovirales
order includes viruses with the largest known RNA genomes, the largest of which
being the planarian secretory cell nidovirus (PSCNV) with a genome size of 41 kb
(2). Viruses within this order possess proof-reading exoribonuclease (ExoN) activity
to prevent the accumulation of sequence error which is hypothesised to restrict the
genome size of most other RNA viruses. In contrast, small genomes are found in the
Arteriviridae sub-order of the Nidovirales order contains viruses with a genome length
between 12.7 to 15.7 kb. The classification of the viruses found within this order is

outlined in Figure 1.1.

1.1.2. Classification of the Coronaviridae Family

The Coronaviridae (CoV) family were initially classified based on the appearance of
the spike protein protruding from the viral envelope which has been compared to the
corona of the sun or a crown, giving them tfF
(3). This family contains the Orthocoronavirinae subfamily, which is divided into four
genera based on phylogenetic analysis of several viral genes (3) resulting in the
genera Alphacoronavirus, Betacoronavirus and Gammacoronavirus, along with the
more recently established Deltacoronavirus (4). Subgenera and species within the

four genera are detailed in Table 1.1. This table lists examples of Coronaviridae virus
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species, these viruses infect a wide range of animal hosts, including vertebrate and

invertebrate species.
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O rd er Nidovirales

Sub-Order Abnidovirineae Aridovirineae Cornidovirineae Mesnidovirineae Monidovirineae Nanidovirineae Ronidovirineae Tornidovirineae
Fami |y Coronaviridae
[
Sub-Famlly Letovirinae Orthocoronavirinae Pitovirinae
i A\
G enus Alphacoronavirus Betacoronavirus Gammacoronavirus Deltacoronavirus

l l l
| | |

S u b_Ge nus Brangacovirus Cegacovirus Igacovirus

Figure 1.1. Nidovirales Order Classification. Adapted from the International Committee on Taxonomy of Viruses (ICTV) website, as defined in
2022 (ictvonline.org). Purple boxes follow the lineage to infectious bronchitis virus (IBV) which is classified within the subgenus Igacovirus. Arrows

represent the presence of lineages which have not been detailed within this schematic.
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Table 1.1. Orthocoronavirinae genera and species.

Genus Subgenus Species
Alphacoronavirus Amalacovirus Alphacoronavirus AMALF
Colacovirus Bat coronavirus CDPHE15
Decacovirus Alphacoronavirus CHB25

Alphacoronavirus WA3607
Bat coronavirus HKU10
Rhinolophus ferrumequinum alphacoronavirus H2M.3

Duvinacovirus Human coronavirus 229E
Luchacovirus Lucheng Rn rat coronavirus
Minacovirus Mink coronavirus 1
Minuacovirus Miniopterus bat coronavirus 1
Miniopterus bat coronavirus HKU8
Myotacovirus Myotis ricketti alphacoronavirus S2011
Nyctavocirus Alphacoronavirus HKU33
Alphacoronavirus WA2028

Nyctalus velutinus alphacoronavirus-3@13
Pipistrellus kuhlii coronavirus 3398
Pedacovirus Alphacoronavirus BT020
Alphacoronavirus WA1087
Porcine epidemic diarrhea virus
Scotophilus bat coronavirus 512

Rhinacovirus Rhinolophus bat coronavirus HKU2
Setracovirus Human coronavirus NL63
NL63related bat coronavirus strain BtKYNEES
Soracovirus Sorex araneus coronavirus T14
Sunacovirus Suncusnurinus coronavirus X74
Tegacovirus Alphacoronavirus 1
Betacoronavirus Embecovirus Betacoronavirus 1

China Rattus coronavirus HKU24
Human coronavirus HKU1
Murine coronavirus
Myodes coronavirus 2JL14
Hibecovirus BatHp-betacoronavirus Zhejiang2013
Merbecovirus Hedgehog coronavirus 1
Middle East respiratory syndronrelated coronavirus
Pipistrellus bat coronavirus HKU5
Tylonycteris bat coronavirus HKU4
Nobecovirus Eidolon bat coronavirus C704
Rousettus bat coronavirus GCCDC1
Rousettus bat coronavirus HKU9

Sarbecovirus Severe acute respiratory syndromelated coronavirus
Gammacoronavirus Brangacovirus Goose coronavirus CB17
Cegacovirus Beluga whale coronavirus SW1
Igacovirus Avian Coronavirus

Avian coronavirus 9203,

Duck coronavirus 2714
Deltacoronavirus Andecovirus Wigeon coronavirus HKU20
Buldecovirus Bulbul coronavirus HKU11
Common moorhen coronavirus HKU21

Coronavirus HKU15
Common moorhemoronavirus HKU21
Bulbul coronavirus HKU11

Herdecovirus Night heron coronavirus HKU19

Notes: IBV is described as Avian Coronavirus. Adapted from International Committee

for the Taxonomy of Viruses (ICTV) as in May 2022 (ictvonline.org)
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1.2. Infectious Bronchitis Virus (IBV)

IBV is a Gammacoronavirus within the subgenus Igacovirus (Table 1.1.). IBV was
first identified in 1931 (5) and infects the epithelial surfaces of domestic fowl (Gallus
gallus) causing respiratory disease. IBV is often described as the prototypic

Gammacoronavirus.

1.2.1. 1BV Strain Classification

IBV is unusual amongst the CoVs in that there are many different strains and
serotypes, many of which co-circulate (6). IBV strains have been classified using a
host of different techniques. Traditionally, IBV strains were serotyped through
assessment of neutralisation between strains, i.e., if antiserum generated within
chickens infected with a strain cannot neutralise another IBV strain then they are
classified as different serotypes (7). To combat the lack of uniformity between
serotyping methods, genotyping has been implemented through assessing the

phylogeny of the IBV strains in relation to the nucleotide sequence (8).

1.2.2. Clinical Disease

IBV is the causative agent of Infectious Bronchitis (IB) which is a highly infectious
disease transmitted by inhalation of aerosolised droplets (9). IB results in the greatest
economic losses to the poultry industry in the UK (10) and is present worldwide (6).
IB was first identified in the 1930s (11), high mutation rates and genome
recombination events have resulted in many serotypes and genotypes emerging
since (12). IBV infects the epithelial surfaces of poultry, causing clinical disease
ranging from mild respiratory symptoms to severe kidney and oviduct disease (9, 13).
Clinical signs include snicking, depression, rales and nasal discharge (6). Different
strains of the virus show different tissue tropism profiles, for example M41 infected
birds show infection which is predominantly localised to the upper respiratory tract in

comparison to strains such as QX which are nephropathogenic (14). Infection of the
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oviduct epithelial surfaces results in reduced production and quality of eggs in layers
(15). Additionally, infection with IB results in reduced weight gain in broilers and

leaves chicks susceptible to secondary bacterial infections (16).

1.2.3. Vaccination Strategies

Vaccination attempts against IBV have been reported since the 1940s (6) with
vaccines typically developed through serial passage of pathogenic IBV in
embryonated eggs with the aim of attenuating the virulence of the virus. The
mechanism of attenuation is not understood (17, 18). Administration of these
vaccines is carried out through mass spray of chicks with aerosolised vaccine in the
hatchery, but there are questions about the efficiency of this method as there is no
way to ensure each chick receives the correct dose (19). These vaccines have
several pitfalls as they cannot be administered in ovo which would ensure the correct
dose is delivered to each individual chick, vaccines are poorly cross protective
against different serotypes (20) and additionally vaccination against IBV has been
shown to reduce fertility in roosters (21). Whole genome sequencing of in ovo
passaged virus has shown that only a small number of mutations are able to restore
a virulent phenotype (22). Reversion to virulence has previously been demonstrated
through vaccine passage in chickens (23). Through enhanced knowledge of the roles
of IBV proteins in pathogenicity, there is an increased interest in rationally attenuating
IBV to stably alter the pathogenicity; this is being explored using reverse genetics to
generate recombinant IBVs (rIBVs) (24). Rationally attenuated rIBV vaccines have
been developed against newly emerging serotypes but there are currently no licensed
rIBV vaccines commercially used (19). Although, promising candidates are constantly

being generated (25).
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1.2.4. IBV Structure

IBV virions contain three structural proteins embedded in the virion envelope: spike
(S) protein, envelope (E) protein and membrane (M) protein. Within the viral particle,
the nucleocapsid (N) protein coats the single-stranded RNA genome in the form of
beads-on-a-string (Figure 1.2.A). The S protein is made up of two subunits (S1 and
S2), the S1 subunit is the globular head of the protein and the S2 forms a stalk which
anchors the protein to the viral envelope. The S protein can be seen in electron
micrograph images of IBV (Figure 1.2.B). Some Betacoronaviruses including mouse
hepatitis virus (MHV), also contain a haemagglutinin esterase (HE) protein which is
thought to have been acquired through heterologous recombination with the influenza

C virus (26).

1.2.5. IBV Genome Organisation

The IBV RNA genome is 27.5 kb in length with a 5 cap and a poly-A tail at the 3 end
(9). At the 5 end of the genome, there is a leader sequence and transcription-
regulatory sequence leader (TRS-L) to allow for genome transcription (Introduction
Section 1.6.2.). TRS sequences are also present upstream of every open reading
frame (ORF). The TRS-L sequence is followed by the replicase gene that consists of
two ORFs that constitutes two thirds of the IBV genome. These two ORFs are
overl apping but trans| atysde quuiean cae 6p rrcetsrud mmendy
amino acid (aa) ribosome frameshift site (RFS) to produce two polyproteins denoted
ppla and pplab (27) (Figure 1.2.C). The 3 third of the genome encodes genes for
four structural proteins and seven accessory genes. Accessory genes were named
in relation to genome location and for IBV, include 3a, 3b, 4b, 4c, 5a and 5b and 7

(28-30). In some strains of IBV, accessory gene 7 is either truncated or missing (28).
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Figure 1.2. Morphological structure and genome organisation of the IBV virion. In the virion and IBV genome, the four structural proteins
are represented as follows: spike (S) protein in blue, envelope (E) protein in yellow, membrane (M) protein in red and nucleocapsid (N) protein
in green. (A) Schematic representing the structural proteins organisation within the IBV virion. (B) Electron micrograph image of five IBV virions
taken from (31). (C) Schematic representing the genome organisation of the IBV genome. The viral replicase gene is displayed in purple, the

structural genes are displayed as described above and the accessory genes are shown in grey. Genome schematic is not to scale.



1.2.6. Non-Structural Proteins (nsps)

Polyproteins ppla and pplab are cleaved into fifteen nsps (nsp 2-16) by virus
encoded proteinases (32, 33). Nsp 3 contains a papain-like protease domain that
cleaves ppla into its constituent nsps and Nsp 5 contains a 3C-like proteinase which
mediates cleavage of pplab (34). The genomes of other CoVs also possess nsp 1,
but this sequence is not present within the Gammacoronavirus genus. The nsps
predominantly function in IBV genome replication or the regulation of the innate
immune response, reviewed by (35). Many of the functions of the nsps remain

unknown.

Nsp 3, 4 and 6 are transmembrane proteins which establish the CoV replication
organelles (RO) within infected cells, this was shown as co-expression of these
proteins is sufficient for the formation of double membrane vesicles (DMVs) which
are the predicted sites of viral replication (36). Nsp 4 is able to induce membrane
pairing which is important for the formation of DMVs (37). Autophagosomes possess
double membranes and are hypothesised to be modified for the formation of DMV,

the IBV nsp 6 protein can induce the formation of autophagosomes (38).

A group of the nsps assemble into a replication-transcription complex (RTC, Figure
1.3). Nsp 12 is the most conserved CoV protein which is likely due to its role as an
RNA-dependent RNA polymerase (RdRp), a nsp 7/nsp 8 complex aids the RNA-
binding of nsp 12 (39). Nsp 13 acts as a helicase during IBV replication and
additionally has been shown to pause the cell cycle through interaction with host cell
DNA polymerases (40). Nsp 14 contains the 3 1Nj ExoN activity which enables proof-
reading during RNA synthesis as well as S-adenosylmethionine (SAM)-dependent
(guanine-N7) methyltransferase (N7-MTase) activity (41, 42). Further to these
functions, nsp 13 and nsp 14 act with nsp 16 to cap the viral RNA genome during
replication (39). Nsp 10 acts as a cofactor for nsp 14 and nsp 16 (43). Nsp 9 is an

RNA-binding protein which is hypothesised to stabilise nascent RNA (44).
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Figure 1.3. Schematic representing nsps within the replication-transcription
complex (RTC). Nsp 12 is the replicase enzyme which is attached to two co-factors
nsp 7 and nsp 8. Nsp 13 acts as a helicase to separate strands, nsp 9 then acts to
protect the single stranded (ss) RNA Nsp 14 is an exonuclease which proofreads
nascent RNA. Cap formation is facilitated by nsp 10, 13, 14 and 16. Schematic is not

drawn to scale and was adapted from (45).
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Nsps are involved in the regulation of the innate immune response. Nsp 2 promotes
the replication of IBV by acting as an antagonist of immune factors to maintain protein
synthesis activity within infected cells (46). Nsp 3 is a papain-like protease which
acts to deubiquitinate innate immune factors and ultimately blocks the synthesis of
type 1 interferons (IFNs) (47). Additionally, nsp 3 contains a macro domain, formally
referred to as the ADP-ribose-1 dohosphate phosphatase (ADRP) domain, which is
hypothesised to act as a pathogenicity factor, as shown in Betacoronavirus MHV (48),
but not in IBV (49). Nsp 15 is an endonuclease which inhibits the formation of stress
granules, which reduces the type 1 IFN response to IBV infection (50). Stress granule
inhibition also promotes protein synthesis, demonstrated as nsp 15 knock-out IBV
virions had reduced IBV messenger RNA (mRNA) and protein production (51). Nsp
7 and nsp 16 have been shown to inhibit cytokine production and antigen-
presentation on the surface of host cells (52). The induction of autophagosomes by
nsp 6 may play a role in suppressing the adaptive immune response through

degradation of immune factors stimulated by IBV infection (53).

1.3. IBV Life Cycle

The entire life cycle of IBV is detailed in Figure 1.4, the CoV life cycle has recently

been reviewed (45)
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Figure 1.4. IBV Lifecycle. (1) IBV virion enters the cell via endocytosis following
attachment and fusion via the spike (S) protein to an unknown receptor. (2) IBV
genome is released into the cellular cytoplasm (3) this initiates translation of the non-
structural proteins (nsps). (4) The nsps form the replication-transcription complex
(RTC) within the endoplasmic reticulum (ER) membranes which generates the sub-
genomic (sg) mMRNA. Double-membrane vesicles (DMVs) are the site of nascent RNA
synthesis. (5) Translation of viral structural proteins on cellular ribosomes. The
structural proteins are processed within the ER and Golgi before recycling back to
the ER membranes. (6) Association of the nucleocapsid (N) protein with the genome
to form the ribonucleoprotein (RNP). (7) Virion assembly takes place within the
ERGIC membrane where the RNP is encapsulated within ER-Golgi intermediate
compartment (ERGIC) membranes studded with the S, Membrane (M) and Envelope
(E) proteins. (8) Progeny viruses are transported to the plasma membrane in vesicles.

(9) Viruses are released from cells via exocytosis.
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1.3.1. Viral Entry

The receptor for IBV is currently unknown, several receptors have been suggested
but disproven, such as Aminopeptidase N (APN, (54, 55)) which acts as a receptor
for Alphacoronaviruses (56). Attachment factors thought to function in IBV entry
i ncl u dlmkedsialic Zcid (57, 58), heparan sulphate (HS, (59)) and heat shock
protein 70 (HSP70, (60)).The known entry receptors used by CoVs have recently

been reviewed (61).

Upon binding to the receptor, the S protein alters its conformation to enable the fusion
peptide (FP) to increase membrane permeability and facilitate virus-cell membrane
fusion (62). The Betacoronavirus HE protein acts to improve viral infectivity by
facilitating dissociation from decoy receptors (63). Viruses then enter the cells via
endocytosis utilising the endo-lysosomal pathway (64) and the viral genome is

released into the cytoplasm of the infected cell.

1.3.2. Genome Replication and Transcription

The released RNA genome is translated into the replicase proteins, ppla and pplab
within the cytoplasm. These polyproteins are cleaved to generate fifteen nsps some
of which are involved in the assembly of the multimeric enzyme RTC, the roles of the

nsps within the RTC are described in Introduction Section 1.2.6.

Replication of the IBV RNA genome requires membrane rearrangements to be
formed within infected cells (65). These modifications include DMVs and spherules
which are connected to zippered ER (Figure 1.5). DMVs have been identified as the
site of RNA synthesis (66) which takes place inside of the membrane (67). This is
hypothesised to protect the double-stranded RNA (dsRNA) from detection by the host
cell. Autophagosomes possess double membranes and have been hypothesised to
be modified for the formation of DMVs (38), although the link between

autophagosomes and virus replication has been disproven as dsRNA does not
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colocalise with a key autophagosome protein Microtubule-associated protein 1A/1B-

light chain 3 (LC3) (53).

The role of the spherules within IBV infection is still debated but they could potentially
be instrumental in RNA replication (65). Genome replication is carried out by the RTC
following continuous synthesis to generate a negative strand copy of the genomic

RNA which can then be used a as template for the synthesis of new IBV genomes.
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Spherules

Figure 1.5. Membrane rearrangements formed by IBV for RNA replication. A)
Schematic representing structure and components of membrane rearrangements
spherules, zippered ER and DMVs. (B) Negative-stain transmission electron
microscopy (EM) image of IBV-induced membrane rearrangements within CK cells.
A representative double membrane vesicle (*), spherule (yellow arrow) and zippered
ER (white arrow) is indicated. EM image was generated from BeauR-A26F infected

CK cells during this study.
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The accepted model for Nidovirales transcription of structural and accessory genes
is via discontinuous transcription during negative-strand synthesis (68), this process
is outlined in Figure 1.6. TRS sequences are complementary to each other with one
|l ocated at the 5a end of the -lgandthen@heradj acent t o
located upstream of each gene (TRS-B). During negative strand synthesis each TRS-
B sequence can stall the RTC, the 50 |l eader sequ
synthesis via complementary base pairing interactions (69). This generates a nested

set of negative-sense sg RNA, which is then copied into positive-sense sgRNA.
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Figure 1.6. Discontinuous Replication for CoV Genome Transcription. A minus-
strand copy of the genome is generated to act as a template for RNA synthesis. The
replication-transcription complex (RTC) starts at the 3 end of the positive-strand and
synthesis of sg RNA transcripts continues until it is stalled by the presence of a
transcriptional regulatory sequence (TRS, shown in blue). At each TRS the RTC
either passes through to the next TRS or transfers to the leader TRS located at the
5 end of the genome, at this point RNA synthesis continues until the end of the leader
sequence (shown in green). The minus-sense sg transcripts are transcribed back to
positive sense for the translation of viral proteins. This figure was generated using

BioRender.
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1.3.3. Viral Assembly

The sgRNA generated is translated on ribosomes associated with the ER into the
structural and accessory proteins. Following their synthesis, they are packaged in ER
exit sites (ERES) transport vesicles for modification and cleavage in the Golgi
Apparatus. Any S protein which is not assembled into virions is translocated to the
cell surface to facilitate cell-cell fusion to allow for the fusion of infected and
uninfected cells, ultimately producing multinucleated cells, termed syncytium (70).
The S2 subunit is responsible for the cell-cell fusion via a different mechanism than

is used for virus-cell fusion (71).

The structural proteins are folded and post-translationally modified within the ER
before transport to the Golgi for further processing. The N protein packages the RNA
genome into a helical RNP, the mechanism and location of RNP formation along with

targeting of this complex to the budding site is unknown.

The structural proteins then recycle from the Golgi back to the ERES to allow for viral
assembly. A Golgi targeting signal has been identified within the cytoplasmic tail of
IBV E (72) and the transmembrane domain (TMD) of the M protein (73), and the
cytoplasmic tail of the S protein contains an ER retrieval signal (74). These signals
ensur e t he proteinods | ocal i sGolgii imermedate d retentio

compartment (ERGIC)/ cis-Golgi network for viral budding.

The M protein is hypothesised to act as a scaffold during CoV assembly as it mediates
interactions with each of the other structural proteins (75-77) this allows for
accumulation of the virion proteins and genomic RNA to a concentrated region, with
S, M and E proteins embedded into the ERGIC membranes. Unlike most enveloped
viruses, CoVs bud into the lumen of the ERGIC (78), with the RNP encapsulated
within the envelope containing the S, M and E structural proteins to form the mature

virion.
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1.3.4. Viral Egress

The mechanism for CoV egress is poorly understood but several different egress
pathways have been suggested, as reviewed (79). A schematic representing these
proposed pathways is shown in Figure 1.7. The two proposed routes for CoV egress
consist of the classical constitutive pathway through the Golgi Apparatus or the endo-

lysosomal recycling circuit.

The dynamics of the Golgi Apparatus is not well defined with several proposed
models based on contradicting observations. There are two main proposed
mechanisms of cargo transport through the Golgi Apparatus: a dynamic cisternae
maturation model and a vesicular transport between stable compartments model,
detailed within (80). The first of these routes describes a dynamic model of the Golgi
apparatus in which the ERGIC elements mature into cis-Golgi and ultimately trans-
Golgi elements (Figure 1.7). The opposing view is that the Golgi is static with progeny

virus in vesicles budding and fusing to the ends of the Golgi Apparatus (Figure 1.7).

In the context of viral egress, both models would require maintenance of Golgi
cisternae structure for viral release. Monensin is an ionophore which induces the
swelling of the Golgi Apparatus and can therefore be utilised as a Golgi Apparatus
inhibitor (81). Evidence supporting the use of the constitutive pathway for viral egress
shows that release of the Alphacoronavirus transmissible gastroenteritis virus
(TGEV) is inhibited by Monensin as a result of viral particle accumulation within the
ERGIC (82), although this accumulation was not seen when similar experiments were

carried out with IBV (83).

Viruses are much larger cargo than cellular components which would typically pass
through the Golgi Apparatus. During IBV infection, neutralisation of the Golgi
Apparatus is facilitated by the E protein ion channel (IC) (84), this causes it to dilate

which increases the capacity of the secretory elements and house large numbers of
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progeny virus, transforming the stacked Golgi Apparatus cisternae into large

vacuoles containing viral particles.

Recently, a second mechanism for CoV egress in which the virus progeny bypasses
the Golgi Apparatus and is secreted via endosomes directly from the ERGIC (Figure
1.7.3). Evidence for this exit route has been proposed and demonstrated in
Betacoronavirus MHV due to colocalization of endosomal/lysosomal protein
lysosomal-associated membrane protein 1 (LAMP1) with MHV M protein (85). To
further validate this hypothesis, recent research carried out within IBV has been
shown that the endocytic recycling circuit is utilised within egress, as the M protein
was shown to colocalise with the endocytic recycling compartment protein Ras-

related protein Rab-11 (Rabl11) (86).

Overall, it is unclear which pathway CoV virions follow to allow for efficient release.
Potentially it could be a mix of both models as it has been proposed that post-Golgi
transport to the plasma membrane (PM) may pass through endosomal compartments

(87).
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Figure 1.7. Coronavirus (CoV) Assembly and Egress. Translation of structural
proteins from sg mMRNA takes place at in the endoplasmic reticulum (ER) and then
leaves via the ER exit sites (ERES). Viruses obtain their envelope through
encapsulation of the nucleocapsid in the ER-Golgi intermediate compartment
(ERGIC) membranes studded with S, E and M proteins. Three potential egress routes
have been proposed for CoVs. (1) The ERGIC elements containing virus particles
mature into cis-Golgi cisternae. The carriers mature through the Golgi in a cis-trans
movement. (2) CoVs enter vesicles which bud from and fuse to the ends of the Golgi
structure, which is static. Via both these routes, at the trans-Golgi the virus particles
are transported to the plasma membrane (PM) and released from the cell. (3)
Progeny viruses are transported from the ERGIC carriers directly to endosomes. This
route utilises the endocytic recycling circuit to transport virus to the PM. This figure

has been adapted from (79).
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1.4. Structural Proteins

1.4.1. Spike (S) Protein

The S protein is a ~180 kDa, class 1 virus fusion glycoprotein (88) which oligomerises
within the endoplasmic reticulum (ER) of infected cells to form a homotrimer (Figure
1.8.A). The S protein is embedded into the virion envelope and allows for viral
attachment to cellular receptors and fusion to cellular membranes (89). The N-linked
glycosylation pattern of the S protein is necessary for the binding to host cells (90),
this glycosylation pattern differs between strains of IBV (91). The S protein is
translated as a single polypeptide which is then cleaved by furin-like proteases within
the Golgi apparatus, to form two subunits, S1 and S2 (71), the cleavage site position
is displayed in Figure 1.8.B. The S1 forms the globular head of the spike protein and
the S2 forms a stalk to form a club-like S protein structure (Figure 1.8.A). An additional

cleavage site denoted S2 exists in the Beaudette strain of IBV and in SARS-CoV-2

which aids viral fusion to cells (92, 93).

The S1 protomer contains two predicted receptor binding domains (denoted as S1
N-terminal domain (S1-NTD) and S1 C-terminal domain (S1-CTD) in Figure 1.8.B).
The S1-NTD domain facilitates binding to cellular receptors (94). The binding event
results in conformational changes within the protein to allow for the S2 subunit to
facilitate fusion to cellular membranes and release of the IBV genome into the
cytoplasm of an infected cell (95). The S protein structure displayed in Figure 1.8.A
is pre-fusion. The second receptor domain, S1-CTD, is hypothesised to enable
chicken-cell tropism as it has a distinct structure from other CoVs (96). The S2
protomer mediates virus-to-cell fusion (88) and consequently, is a determinant of cell
tropism (97). Two heptad repeats (HR, denoted HR-N and HR-C, Figure 1.8.B)
facilitate the homo-oligomerisation of the S protein (98). The FP (Figure 1.8.B)

present within the S2 protomer, has been shown to increase membrane permeability
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to facilitate viral entry (62) and cell-cell fusion for the formation of syncytia (97). This

cell-cell fusion requires palmitoylation of the S protein (70).
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Figure 1.8. Structure of the Spike (S) protein which consists of two subunits
(S1 and S2) and forms a homotrimer. (A) Structure of the trimeric IBV M41 Spike
Protein. The structure previously solved through cryo-EM (96) was used as a
template - RCSB PDB: 6CVO0. This structure was rendered using Pymol, with a single
spike protomer highlighted in red. (B) Schematic representing the S gene domains,
amino acid (aa) locations are taken from (96) except for the location of the S2
cleavage site, in which the Beaudette sequence location is shown (97). The S gene
is flanked by a signal sequence (SS) and a cytoplasmic tail (CT). The S1 subunit
contains two domains: NTD = N-terminal domain, CTD = C-terminal domain. The
cleavage sites are represented with a dashed line. The S2 subunit contains three

domains: FP = fusion peptide, HR = heptad repeat, TM = transmembrane.
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1.4.2. Nucleocapsid (N) Protein

The N protein (~45 kDa) and viral RNA genome form a helical filamentous RNP within
the virion of IBV (99). N protein monomers self-associate into a dimeric form which
interacts with viral RNA (100). Through interaction with viral RNA, the N protein
functions as an RNA chaperone to aid RNA folding (101) and enhance transcription

efficiency (102).

The N protein is made up of three domains: N-terminal, C-terminal, and a disordered
central region (Figure 1.9). The N-terminal domain is involved in RNA interaction and
the C-terminal domain acts as a scaffold to aid homo-dimerization and interacts with
M protein in the viral envelope (103). The disordered central region of the

Betacoronavirus MHV N protein has been shown to interact with nsp 3 (104).

Other than RNP formation, the N protein also functions in virion assembly. Interaction
between the N and M proteins facilitates genome encapsulation during CoV budding
(76). Virus-like-particle (VLP) formation is enhanced in the presence of the N protein
(105) so it is thought to promote viral assembly. This improved viral assembly in the
presence of the N protein has been implemented in CoV reverse genetics systems,

in which transfected N protein is required for the successful recovery of rIBVs (24).
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Figure 1.9. Structure of the IBV N protein NTD and CTD. (A) The N-terminal
domain (NTD) structure (Figure taken from (100), RSCB-PBD: 2BTL) showing
electrostatic charges of the domain: blue (positive) and red (negative). The
highlighted residues are hypothesised to facilitate RNA binding. The N- and C-
terminal ends of the protein are labelled. (B) Structure of the homodimerised CTDs
of the IBV N protein with the two independent domains labelled in different colours.
Structure was rendered on PyMOL from a previously solved X-ray crystal structure

(RSCB-PBD: 2CAL, (103)).

90



1.4.3. Membrane (M) Protein

The IBV M protein has three TMDs (106) and is the most abundant protein within the
IBV particle. During infection, the M protein functions in virion budding (78) and
assembly (75). -abtin filaments are disrupted by the M protein to facilitate this (107).

Additionally, M protein self-association is a driver of envelope formation (75).

The CoV M protein ranges in size from 25-30 kDa in its pre-glycosylated form and
several glycosylation profiles are observed when the M protein is resolved using a
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gel (108).
The IBV M protein glycosylation is exclusively N-linked, inhibition of M protein
glycosylation does not inhibit viral assembly but does abolish infectivity of viral
particles (109). This difference in infectivity is thought to be caused by a reduced

activation of ER stress response, apoptosis and pro-inflammatory cytokines (110).

The M protein is described as the scaffold for virion assembly as it interacts with each
of the other structural proteins to allow for virion assembly within the ERGIC
membranes (75). The E and M proteins interact via their cytoplasmic tails and have
been shown to be necessary and sufficient for VLP formation (75). The E and M
proteins can compensate for each other as demonstrated upon passage of
Betacoronavirus severe acute respiratory syndrome coronavirus (SARS-CoV) with
deleted E protein which resulted in a partly duplicated chimeric M protein that could
recover virulence (111). Additionally, SARS-CoV M chimera with a growth defect

was complemented by the E protein to partially recover growth (112).

1.5. Envelope(E) Protein

The E protein is a small 12 kDa protein which is present in two forms during infection:
monomeric and pentameric (113), it has recently been reviewed (114). The E protein

is comprised of three domains: NTD, TMD and CTD (Figure 1.10).
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Figure 1.10. Structural domains of the IBV E protein. The domains are coloured
as follows: N-terminal domain (NTD) in yellow, transmembrane domain (TMD) in red
and the C-terminal domain (CTD) in blue. (A) Predicted E protein structure of the
Beau-R E protein, AlphaFold2 prediction software was used to generate the structure
which was then rendered within PyMOL. (B) Schematic representing the domains of
the E protein, amino acid locations are based on the Beaudette strain of IBV and

were sourced from UniProt (https://www.uniprot.org/).
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Within IBV, gene 3 sgRNA is tricistronic meaning that it encodes accessory proteins
3a, 3b and structural protein E (also known as 3c). The E protein is translated from
this sg mRNA using a ribosomal initiation site (115). The IBV E protein is
palmitoylated on one or both cysteine residues within the CTD, the function of which
is unknown (72). Within the Betacoronavirus MHV, palmitoylation of the E protein has
been shown to be important for viral assembly (116) and the stability of the
Betacoronavirus MHV E protein (117). Other post-translational modifications of the
CoV E protein have been identified within SARS-CoV, these include glycosylation

(118) and ubiquitination (119).

The IBV E protein spans membranes once with the N-terminus exposed into the Golgi
apparatus lumen (or virion surface) and the C-terminus within the cytoplasm (or intra-
virion) (118). Conversely, other CoV E proteins are thought to span the membrane

twice such as the betacoronaviruses SARS-CoV (118) and MHV (120).

1.5.1. C-terminal domain

The cytoplasmic tail of the E protein has been shown to facilitate viral assembly as it
is required for targeting to the Golgi (72) and interaction with the M protein (75). CoVs
have a conserved proline reside at aa54 which is within Golgi targeting region aa44-
95 (Chapter 8, Section 8.3, Figure 8.7). Within Betacoronavirus SARS-CoV,

disruption of this proline residue scrambles the Golgi targeting signal (121).

1.5.2. lon Channel (IC)

Viroporins are viral proteins with at least one TMD which homo-oligomerise to induce
membrane permeability by forming an IC within cellular or viral membranes.
Viroporins are classified (I, [ 1
membrane permeability was first discovered within encephalomyocarditis (EMC)
virus infected cells (122). The first viral protein to be reported with IC activity was the

influenza virus A (IAV) Matrix 2 (M2) protein (123). The CoV E protein IC activity was
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first identified in the Betacoronavirus SARS-CoV (124), this was later shown in IBV

(125). A summary of several known viroporins is listed in Table 1.2.

Table 1.2. List of Known Viroporins

Virus Family Virus Protein | TMD
Picornaviridae Poliovirus 3A 1
2B 2
Coxsackievirus B3 2B 2
Enterovirus 71 2B 2
Togaviridae Semliki forest virus 6K 2
Sindbis virus 6K 1
Ross River virus 6K 1
Retroviridae Human Immunodeficiency Virus Type 1| Vpu 1
Paramyxoviridae HumanRespiratorySyncytial Virus SH 1
Orthomyxoviridae Influenza A virus M2 1
Influenza B virus NB 1
BM2 1
Influenza C virus CM2 1
Reoviridae Avian Reovirus p10 1
Flaviviridae Hepatitis C virus p7 2
Phycodnaviridae Paramecium bursaria chlorella virus Kcv 2
Acanthocystis turfacea chlorella virus Kcv 2
Rhabdoviridae Bovine ephemeral fever virus h-1 1
Coronaviridae All CoVs E *
Severe Acute Respiratory Syndrome 3a 3
Severe Acute Respiratory Syndrome 8a 1

Notes: Transmembrane domains (TMDs) are either predicted or known, * signifies
that there are either 1 or 2 TMDs in the coronavirus (CoV) E protein. Viroporins are
classified (I, I, lll) based on the number of TMDs, e.g., 1 TMD is a class | viroporin.

Table adapted from (126).
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Viroporins have a range of functions in promoting viral infection such as entry,
immune evasion, assembly, and egress. The IAV M2 forms a proton channel which
has been extensively studied and shown to have roles in virion uncoating post-entry
(127) and slowing protein transport through the Golgi to ensure correct viral protein
processing (128). Autophagy allows for protein degradation within proteolytic
lysosomes. M2 stimulates the formation of autophagosomes but prevents their fusion
to lysosomes, this is thought to cause viral antigen retention within autophagosomes
to aid immune evasion as it hides viral antigens to prevent their presentation on the
cell surface (129). The human immunodeficiency virus 1 (HIV-1) viral protein U (Vpu)
protein forms an ion channel which has been shown to promote viral budding and

release from cells (130).

Three known viroporins are found within CoV genomes: E, 8a and 3a protein, these
proteins have been recently reviewed (131). The 8aion channel is only present within
the genome of Betacoronavirus SARS-CoV, whereas 3a is also present within
Betacoronavirus SARS-CoV-2. The 3a present in SARS-CoV is not the same as the
3ain IBV. The SARS-CoV viroporin 3a is a class Il viroporin which transports K* ions
and acts to promote apoptosis within infected cells (132). Interestingly, the
Alphacoronavirus Human CoV 229E (HCoV-229E) 4a protein shares sequence
homology with the SARS-CoV 3a protein and could potentially act as a K* transporter
or promote activity of cellular K* channels (131). The 8a protein is a class | viroporin
which is cation selective (133). lon channel activity of neither 3a nor 8a are required

for the replication or virulence of SARS-CoV, unlike the E protein (134).

The CoV E protein was first identified as an IC in Betacoronavirus SARS-CoV (135).
The IC activity of the E protein has been demonstrated for each genus of CoV
indicating that this activity is conserved within CoVs (125). The IC activity for the IBV
E protein has been characterised showing that this channel has a preference for Na*

ions (125). Within Betacoronavirus MHV, an Na*/H" exchanger inhibitor
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hexamethylene amiloride (HMA) has been shown to inhibit the ion channel which
resulted in inhibition of viral replication (125). This therefore indicates that the CoV E

ion channel has a critical role in ensuring productive viral replication.

The monomeric or pentameric structures of the IBV E protein are yet to be solved but
several structures exist for the Betacoronavirus E protein (136-138), see Figure
1.11.A. These structures may not be representative of the IBV E structure as the
primary sequence of IBV E has closer sequence identity to the Uukuniemi virus
envelope glycoprotein G1 than other CoV E proteins (72). The pentameric IBV E
protein has been evidenced by work using purified E protein which found it can form
an oligomer consistent with a homo-pentamer (139). Although, the secondary
structure of the CoV E protein is well conserved which suggests it is more important
for function than the sequence (140). HMA is unable to block the IBV E protein IC but
is able to block the IC of other CoVs, therefore indicating that the structure and

topology of the Gammacoronavirus E proteins are distinct from the other CoVs (125).

Two individual mutations within the hydrophobic domain of the E protein were shown
to inactivate the ion channel activity of Betacoronavirus SARS-CoV, these mutations
are N15A and V25F (141). The corresponding residues of the IBV E protein (T16 and
A26) have been shown to be essential for E protein IC activity (20, 142). The location

of these residues are highlighted on the E protein in Figure 1.11.B.
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Figure 1.11. Structure of the CoV envelope (E) protein. (A) Structure of the
pentameric SARS-CoV E protein. Structure was rendered on PyMOL using RSCB-
PBD:5X29. This structure was solved through use of solution nuclear magnetic
resonance (NMR) (143). A single monomer of the E protein is highlighted in red. (B)
Predicted Beau-R E protein generated using AlphaFold2 and rendered in PyMOL,

the T16 and A26 residues are highlighted in red and enhanced.
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Mutations at the T16 or A26 residue of the IBV E protein have been shown to impact
the fitness and release of infectious virus (20). Sucrose gradients carried out for the
E protein have demonstrated two forms of E present: low-molecular weight (LMW,
monomeric) or high-molecular weight (HMW, pentameric). Presence of the T16A or
A26F mutation selects for either the HMW or LMW pool respectively (113), indicating
that the T16 residue is important for the formation of the LMW pool and the A26
residue is required for the homo-oligomerisation. Contradicting evidence has

indicated however that these residues have opposite roles (20).

1.5.3. E Protein Role in Viral Assembly and Release

CoVs bud from the ERGIC to obtain the viral envelope (144). The E protein is mainly
found embedded into the Golgi membranes of infected cells with only a small number
of proteins present in the virion envelope (145). The E protein present in the virion
has no known functional so is likely left over from the assembly process. The
hydrophobic domain of the E protein has been shown to be essential for the release
of viral particles as mutation of this domain results in intracellular accumulation of
virus (105). The IBV E protein has a major role in viral assembly, demonstrated as
the E and M proteins are sufficient for VLP formation (75). This function has been
attributed to the cytoplasmic tail of the E protein (72). The E protein is responsible for
membrane curvature (146) and scission (147) during the viral budding. Another

proposed role of the E protein is the prevention of M protein aggregation (116)

The CoV E protein neutralises the Golgi during infection causing it to diffuse (84).
This Golgi diffusion slows traffic through the complex to allow for correct processing
of the structural proteins and potentially to allow for the accumulation of large
numbers of viral particles within the Golgi membranes (79). This slowed traffic of
cargo alters glycoprotein processing of viral proteins (105). The T16 residue is
required for Golgi neutralisation and subsequent diffusion, as shown by the absence

of neutralisation and diffusion when the T16A mutation is present (84, 113, 142). The
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E protein slows cargo trafficking through the Golgi, presence of the T16A mutation
eliminates this effect (142). The IBV S protein is cleaved and glycosylated within the
Golgi Apparatus, presence of the T16A mutation within the E protein of IBV results in
premature cleavage of the S protein to generate a small c-terminal fragment of the S
protein t er (BédTherefore, the E pratdindnediated disruption of cargo

trafficking is thought to ensure correct processing of the S protein.

Presence of the A26F mutation in the IBV E protein results in a lack of VLP
production, whereas presence of the T16A mutation results in an increased amount
of VLP production generating faulty virions due to the incorrect processing during

virion assembly (113, 142).

1.5.4. E protein and Pathogenicity

The CoV E protein has been shown to act as a key virulence factor in SARS-CoV
(134, 138, 145, 148, 149). The E protein is critical for SARS-CoV pathogenesis (149,
150) and recombinant viruses lacking the E gene are able to protect mice against
challenge (148, 151). Furthermore, the CoV E IC acts as a key virulence factor in
vivo, shown as recombinant SARS-CoV with an inactivating mutation in the N15
residue caused clinical disease comparable to uninfected mice (138). Additionally, IC
inactivated SARS-CoV virions inoculated into mice show decreased levels of
Interleukin (IL)-1 b a nednditating that the IC activity may be essential for innate
immune activation (138). In IBV, presence of the T16A and A26F mutations reduces

the expression of pro-inflammatory cytokines IL-6 and IL-8 in ovo (152).

1.6. Accessory Proteins

In addition to the structural proteins, a group of nsps are transcribed by the IBV
genome which are designated as accessory proteins. There are seven accessory
genes which include 3a, 3b, 4b, 4c, 5a, 5b and 7. Deletion of accessory genes 3a,

3b, 5a and 5b has attenuated the pathogenicity of IBV in vivo (153). This attenuation
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is a promising vaccine target because IBV lacking either 3a and 3b or 5a and 5b was
protective against challenge in vivo (154). In addition, a Betacoronavirus Middle East
respiratory syndrome (MERS-CoV) replicon, with all five accessory genes and the E
gene deleted was able to protect against challenge in mice (155). None of the IBV

accessory proteins are required for viral replication (28, 29, 156, 157).

1.7. Immune Response to IBV

The immune response to IBV is multi-faceted from innate to adaptive immunity.
Adaptive immunity includes cell-mediated, humoral, and maternal immunity. The

innate and humoral immune responses are discussed in the sections below.

1.7.1. Innate Immune Response

The innate immune response is known as the first line of defence to viral infections
and acts through the production of cytokines and antigen presentation to activate the
adaptive immune response (Figure 1.12). The innate immune response activated by

IBV infection has been recently reviewed (158).

The innate immune response is initiated by recognition of viral pathogen-associated
molecular patterns (PAMPSs) by cellular pattern recognition receptors (PRRs). PAMPs
represent a wide range of pathogen-associated factors but within CoV infection
dsRNA is the predominant marker. CoV virions are internalised by endocytosis via
the endosomal compartment (159). PRRs involved in detecting CoV infection include
endosomal toll-like receptors (TLRs) which are embedded into endosomal
membranes and cytosolic melanoma differentiation associated gene 5 (MDAS) along
with adaptor protein mitochondrial antiviral-signalling protein (MAVS) (160). During

infection, 1BV acts to downregulate both of these factors (161, 162).

The downstream effects of PRRs are signalling pathways which activate transcription

regulatory factors such as nuadgdatoryfaftaasct or kappa
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(IRFs) to induce the production of pro-inflammatory cytokines (163). Pro-
inflammatory cytokines produced upon infection with CoV include type 1 IFNs and
ILs (164-168). Phagocytosis mechanisms detect foreign particles and form
phagolysosomes (which form due to fusion between phagosomes and lysosomes)
within the infected cell and present viral antigens on the cell surface (169). SARS-
CoV-2 E protein instigates accumulation of autophagosomes to prevent fusion to
lysosomes and antigen presentation (170). Ultimately, this activates CD8+ T Kkiller

cells which induce apoptosis of the infected cell.
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Figure 1.12. Innate Immune Response triggered by IBV infection. (1) IBV enters
epithelial cell via endocytosis. (2) IBV pathogen-associated molecular patterns
(PAMPSs) are recognised by cellular pattern recognition receptors (PRRs). These
PRRs include endosomal Toll-like receptors (TLRs), Melanoma differentiation-
associated protein 5 (MDAS) and Mitochondrial antiviral-signalling (MAVS). (3) This
triggers interferon (IFN) regulatory factor (IRFs)andnucl ear f act or
(4) to induce expression of inflammatory cytokines. (5) Cytokines are released from
the cell are recognised by receptors on CD8+ T cells. (6) Viral antigens are presented
on the cell surface via phagolysosomes as part of the phagocytosis mechanism. (7)

Apoptosis is induced in the infected epithelial cell by CD8+ T killer cells.
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1.7.2.  Humoral Immune Response

The humoral immune response is defined by antibody-mediated immunity, with
antibodies produced by memory B cells post vaccination or due to prior infection.
Antibodies are serotype specific and are a means of classifying different strains of
IBV. Level of virus neutralising antibodies present can determine the response to a
challenge virus required to establish viral clearance. Presence of high levels of
maternal antibodies in young chicks has been shown to be capable of providing
partial protection against IBV and reduce the clinical signs caused by the infection
(171). During infection, IBV escapes antibody detection through the formation of
syncytium which allows for virus to spread between cells without entering the

intracellular region.
1.8. Aims and Obijectives

1.8.1. Aim One: Generation and characterisation of rIBVs with

modified E proteins

Objective 1: Generate rIBVs with mutations in the E gene
Objective 2: Assess the genetic stability of E mutations in vitro and in ovo

Objective 3: Determine whether E mutations affect replication of the virus in vitro, in

0ovo.

1.8.2. Aim Two: Characterise the role of the E protein during

infection

Objective 1: Determine cellular interacting partners with the E protein with T16A or

A26F mutations and compare them to parental Beau-R.

Objective 2: Assess the role of the E protein in the manipulation of the cellular

machinery in vitro
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1.8.3. Aim Three: Determine whether IBV with modified E

proteins have altered pathogenicity profiles

Objective 1: Assess E protein interactions with immune factors

Objective 2: Assess the effect of E protein mutations in ex vivo tracheal organ cultures

(TOCs)

Objective 3: Assess the pathogenicity of recombinant virus with a modified E protein

in vivo.
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Chapter 2: Materials and

Methods

2.1. Cells, Eggs,and Tracheal Organ Cultures (TOCs)

All cells were provided by the Central Services Unit at The Pirbright Institute. Cell
cultures were routinely screened for presence of mycoplasma using the LookOut
Mycoplasma PCR Detection Kit (Merck, MP0035). The cell cultures were maintained
within incubators set at 37 °C with 5 % carbon dioxide (CO_). Eggs were maintained
at 37 °C, with 30% humidity. TOCs were incubated at 37 °C rotating at a rolling rate
of 1 revolution per 7 minutes (min). Medium used to maintain cells and cultures can

be found in Table 2.1.

2.1.1. Primary Cells

Chick kidney (CK) cells were prepared at the Central Services Unit department at the
Pirbright Institute from 2-3-week-old specific pathogen-free (SPF) Rhode Island Red
(RIR) chickens. The cells are obtained from whole kidneys through manual and
trypsin disaggregation (172). CK cells were grown within CK growth media and were
maintained within either 1 x N, N-bis[2-hydroxethy1]-2-aminoethanesulfonic acid

(BES) or 2 x BES (Table 2.1).

2.1.2. Continuous Cell Lines

BHK-21 cells were originally derived from baby hamster kidneys (BHK) of 1-day old
Syrian golden hamsters. BHK-21 cells were grown in BHK-21 growth media and were

maintained in 1 X Glasgow minimum essential medium (GMEM, Table 2.1).

105



DF1 cells are an avian cell line of chicken embryo fibroblasts derived from 10-day old
East Lansing eggs (173). DF1 cells were grown in DF1 growth media and were

maintained in 1 X BES (Table 2.1).

Vero cells are a continuous cell line derived from kidney epithelial cells of the African

Green Monkey. Vero cells were grown in Vero growth media and were maintained in

1XBESorlXEagl ebs mini mum €&BEM: Tablé2al). medi um

2.1.3. Embryonated Eggs

Embryonated hensdé6 eggs SPF were sourced

set by Animal Services Unit at The Pirbright Institute.

2.1.4. Tracheal Organ Cultures (TOCs)

Trachea was extracted from 19-days-old embryos, from SPF VALO eggs, using a
method previously described (174). The trachea was sliced transversely into rings of
approximately 1 mm thick to form the TOCs. The TOCs are individually cultured in
glass test tubes in TOC growth media (Table 2.1). After 72 hours (h), the percentage
of cilia beating for each TOC was quantified using a light microscope. The TOCs with
<75% ciliary activity were discarded. TOCs were maintained within TOC infection

media (Table 2.1).

2.2. Cell Culture Medium

Details of cell culture media reagents and suppliers can be found in Table
2.1. Tryptose Phosphate Broth (TPB) is composed of four components: Tryptose
(20g/L); Dextrose (2g/L); NaCl (5¢g/L) and Disodium Phosphate (2.5g/L) adjusted to

pH 7.3.
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Table 2.1. Components of Cell Culture Media used within this Thesis.

1xBES| 2xBES| 1x 2 X 1x BHK21 CKC TOC TOC DF1 Supplier and Catalogue Number|
EMEM | EMEM | GMEM | growth growth growth infection growth

10 x EMEM 50 ml 100ml - 100ml - - - - 50ml - Merck,M0275
GMEM - - - - 500ml 500ml - - - - Merck, G5154
EMEM - - 500ml - - - 500ml 500ml - - Merck,M2279
DMEM - 500ml Merck, D5796
TPB 50ml 100ml - - 55ml 55ml 55ml - - - Merck, T8159

FCS - - - 50ml 5.5ml 5.5ml - - - 55ml Fisher Scientific0099141
NBBS - - - - - - 55ml - - - Merck, N4762
10% BSA 10ml 20ml - - - - - - - - Merck, A7906
1M BESH 7 10ml 20ml - - - - - - - - Merck, B4554
7.5% NaHC®O 14ml 28ml - 23ml - - - 7.5ml - Merck,S8761
L-Glutamine 5ml 10mi 5ml 10ml 5ml - 5ml - - - Merck, G7513
1M Hepes pH7-7.6 - - - - - - 5.5ml 20ml 20ml - Merck, HO887
1M methylh -D- - - - - - - - - 37.5ml Merck, M9376

glucopyranoside

P/S 0.5ml Iml - iml 0.55ml - 0.55ml Imi 0.5ml - FisherScientific, 11548876
Nystatin 2.5ml 2.5ml - 2.5ml 2.5ml - 2.5ml 2.5ml 2.5ml - Merck, N1638
H0 355ml 218ml - 311iml - - - - 382mi - Sterile Water

Notes: EMEM: Ea g | midirmum essential medium, GMEM: Glasgow minimum essential medium, DMEM: Dulbecco's modified eagle's medium,

TPB: tryptose phosphate broth, FCS: fetal bovine serum, NBBS: new-born bovine serum, BSA: bovine serum albumin, BES: N, N-bis[2-

hydroxethy1]-2-aminoethanesulfonic acid, P/S: penicillin/streptomycin. FCS was heat inactivated for 1 h at 50 °C before use.
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2.3. Viruses

2.3.1. IBV Strains

All IBV viruses were stored at -80 °C. The following virus stocks were grown in

embryonated eggs:

Beau-R: A molecular clone of Beau-CK (GenBank Accession number AJ311317)
which is a non-pathogenic laboratory strain of IBV (24). Beau-CK was generated
through serial passage through embryonated eggs resulting in a non-pathogenic
phenotype (25, 175) and an extended cell tropism allowing for replication in CK cells

and continuous cell lines DF1 and Vero (97, 176).

M41-CK: Pathogenic laboratory strain of IBV generated through an unknown number
of serial passages in CK cells. M41-CK can only replicate in primary CK cells so does
not show the extended tropism of Beau-R (176). GenBank Accession number

MK728875.1.

M41-K: Pathogenic clone of the M41-CK laboratory strain of IBV, there are several

synonymous mutations which differ between M41-CK and M41-K (177).
The following virus stocks were grown in primary CK cells:

BeauR-T16A-E: rIBV based on a Beau-R backbone with a T16A mutation within the
E protein. A single nucleotide mutation A24246G, was generated within Beau-R E
gene to obtain the T16A mutation. Nucleotide positions listed are in relation to the
Beau-CK genome (GenBank accession number AJ311317). This virus was
generated prior to the start of this project by Sarah Keep and Jamie Stuart. Isolates

of BeauR-T16A-E include: 3.4, 3.6, 4.7 and 4.9.

M41-K-T16A-E: rIBV based on a M41-K backbone with T16A mutation in the E
protein. To generate the T16A mutation a single point mutation was made at

nucleotide position A24254G in relation to the M41-K genome (NCBI BioSample
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database, accession number: SAMN24687558). Isolates of M41K-T16A-E include:

2.3, 2.6 and 8.3.

BeauR-A26F-E: rIBV within a Beau-R backbone with an A26F mutation in the E
protein. The A26F mutation was obtained via three point mutations from 24276 to
24278 changing the nucleotide sequence from GCA to TTT, positions are listed in
relation to the Beau-CK genome (GenBank accession number AJ311317). Isolates

of BeauR-A26F include: 11.2, 11.3 and 12.3.

2.3.2. Fowl pox Virus (FPV)

rFPV-T7: recombinant Fowlpox-T7 virus (rFPV-T7) was required for the rescue
system as it expresses the bacteriophage T7 RNA polymerase required to transcribe

the rIBV genome and pCi-Nuc-M41-N (178). FPV-T7 was stored at -80 °C.

2.3.3. Vaccinia Viruses

Prior to use all vaccinia viruses were sonicated using a Branson Digital Cup Horn
Sonifier 450 with a continuous pulse at 70 % output for 2 min. Vaccinia viruses were

stored at -20 °C.

rvV M41-K: Recombinant vaccinia virus (rVV) containing a complementary DNA

(cDNA) copy of the M41-K genome.

rvVV Beau-R: rVV containing a cDNA copy of the Beau-R genome.

2.4. Buffers and Solutions

Xanthine: 10 mg/ml Xanthine (Merck, X3627) in 0.1N Sodium Hydroxide (NaOH;

Merck, S5881); 40 X concentrated

Mycophenolic Acid (MPA): 10 mg/ml MPA (Merck, M3536) in Sodium Hydroxide

(NaOH; Merck, S5881); 400 X concentrated
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Hypoxanthine: 10 mg/ml hypoxanthine (Merck, H9636) in 0.1M Sodium Hydroxide

(NaOH; Merck, S5881); 667 X concentrated

Phosphate Buffered Saline (PBSa) pH 7.2: Prepared by the Central Services Unit
at The Pirbright Institute. PBSa powder (Merck, P38135) was reconstituted in type 1

endotoxin-free water and sterilised by autoclaving a 115°C for 20 min.

Tris-EDTA (TE) buffer, pH 9: 10 mM Tris/HCI pH 9.0 (Merck, T2819), 1 mM
Ethylenediaminetetraacetic acid pH 9.0 (EDTA; E9884) in Molecular-Grade water

(Merck, W4502).

SDS-PAGE Running buffer (10X): 50 ml 20 % SDS (Merck, 05030), 30 g Tris
(Merck, M6250), 144 g glycine (VWR, 101194M). Topped up to 1 litre with Molecular-

Grade water (Merck, W4502).

DNA loading buffer: 2 ml Glycerol (VWR, 24388.26), 50 mg Ficoll 400 (Merck,
F2637), 25 mg Bromophenol blue (Merck, 114391) and 3 ml Molecular-Grade water

(Merck, W4502).

3.3 % formaldehyde: 50 ml formaldehyde solution (VWR, 20909.29) made up to 500

ml in PBSa

2 x Proteinase K digestion buffer: 200 mM Tris/HCI pH 7.5 (Merck, T2319) , 10

mM EDTA (Merck, E9884), 0.4 % SDS (Merck, 05030), 400 mM NaCl (S3014)

Proteinase K: 20 mg proteinase K powder (Merck, P2308) in Molecular Grade water

(Merck, W4502).

30 % Sucrose solution: 75 g sucrose (Merck, 16104), 250 pyl 1M Tris HCI pH 9

(Merck, T2819) and 250 ml of Molecular-Grade water (Merck, W4502).

0.1 % crystal violet: 100ml 1 % crystal violet (Merck, C6158) in 900 ml of Molecular-

Grade water (Merck, W4502)
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PBS-T: 0.1 % Tween-20 (Merck, T2700) in PBSa

Blocking solution: 0.5 % BSA (Merck, A7906) in sterile PBS

Table 2.2. ERGIC inhibitors used within this project.

Inhibitor Supplier Stockconcentration Dilution reagent
BFA Abcam,ab193369 5.0mg/ml DMSO
IMP-1088 | Cayman chemical, 2536 50 mM DMSO
Monensin Abcam,ab146170 2.0mM Ethanol
Paprotrain Abcam,abl144322 5mM DMSO
Blebbistatin Abcam,ab120425 8 mM DMSO
FI-06 Abcam,ab146170 10 mM DMSO
Exol Abcam,ab120292 100 mM DMSO
ES2 Merck,SML1681 20 mM DMSO

Notes: Inhibitors were diluted in Dimethyl sulfoxide (DMSO, Merck, D8418) or ethanol
(VWR International, 20821.321) either by the manufacturer or from powder to
generate a working stock. Further dilutions were made within 1 X BES media. BFA:

Brefeldin-A and ES2: Endosidin-2.

2.5. Reverse Genetics

The generation of rIBVs was carried out following the in-house reverse genetic
system based on a rVV containing a complementary DNA (cDNA) copy of the
complete IBV genome (Figure 2.1) (24, 179, 180). This vaccinia virus based reverse
genetics system enables modification of the IBV cDNA through homologous
recombination, this therefore requires a plasmid containing the sequence to be
modified plus some flanking sequence. The first stage of the system involves
inserting the region to be modified into a pGPT-NEB193 plasmid, for use within the
second stage which involves modification of the cDNA copy of the IBV genome within
the rVV vector. To generate the final rIBV, the modified IBV genome was rescued

from the rVV vector to generate infectious virions with the desired mutation.
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cDNA IBV Genome
T7 Terminator T7 promoter

Figure 2.1. cDNA copy of IBV genome within the thymidine kinase (TK) gene of a recombinant vaccinia virus (rVV) vector. The cDNA
copy was inserted using Not | restriction sites (176). The cDNA copy of the IBV sequence is flanked by a T7 RNA polymerase promoter at the 5
untranslated region (UTR). Toallowforself-c | eavage of the subsequent | BV genome RNA, a hepati

inserted at the 3 UTR of the IBV genome prior to the T7 RNA polymerase terminator sequence. This schematic has been adapted from (181)



2.5.1. Cloning

pGPT-NEB193 plasmids were cloned to contain the modified E gene flanked by 400
base pairs (bp) of adjacent sequence from the IBV genome. Gene strings were
synthesised by GeneArt and were cloned into pGPT-NEB193 plasmids using Sal |
restriction sites (5 G TCGAC 3) as these sites are not contained within the IBV
genome. In this plasmid, the Escherichia coli (E. coli) guanine phosphoribosyl
transferase (Ecogpt) gene is required for selection which facilitates purine synthesis
via an alternative method in the presence of xanthine and hypoxanthine. A schematic

of the plasmid is shown in Figure 2.2.
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Ecogpt

pGpt Plasmid Sal1

Sal1

Modified E Gene

Figure 2.2. pGPTNEB193 plasmid schematic. This plasmid is the recombination
vector for manipulation of the rVV genome which possesses a cDNA copy of IBV.
The plasmid contains the Ecogpt gene under the control of a VV przs« promoter. The
Sal | restriction site was used for cloning because it is not present in the IBV sequence

(182).
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Each plasmid was transformed in a vial of 50 ¢ | o fs hwnte MAX ef f-i
T1Rcompetent cells (Thermo Fisher, 12297016) from which a larger stock was grown.
DNA was extracted using the QIAGEN Plasmid Maxi kit (Qiagen, 12162) following
t he ma n uf mototoland scréemed to ensure the modification was present
using polymerase chain reaction (PCR) over the inserted region and Sanger

sequencing (Section 2.8).

2.5.2. Transient Dominant Seledion (TDS)

TDS is used to modify the IBV cDNA within the rVV vector, this process is detailed in

Figure 2.3.

The first stage of the TDS is homologous recombination between the pGPTNEB193
and the cDNA copy of the IBV genome within the receiver rVV resulting in the entire
plasmid inserted within the rvV. MPA shuts off the classical purine biosynthetic
pathway. In the presence of the Ecogpt gene, xanthine and hypoxanthine an alternate
pathway is facilitated. As the pPGPTNEB193 contains the Ecogpt gene, this allows for
selection of rVVs which have undergone the first recombination event and have
generated an unstable intermediate which possesses duplicate sequence over the

inserted region.

A second recombination event takes place as the selection agents are removed,
during three additional rounds of plaque purification. This recombination results in
removal of duplicate sequences to produce either the original sequence of the
receiver cDNA or the modified sequence. Presence of the modified sequence is

established through screening over the Ecogpt and E gene.
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‘ st recombination event
L S E 2nd recombination event
v \
3 _ 5 H
Original IBV receiver cDNA \
v

IBV reciever cDNA with modified E gene

Figure 2.3. Transient dominant selection (TDS) system. TDS system shown for
generating 1BV cDNA with a modified E protein. Two recombination events were
required to insert the desired sequence, the first forms an unstable intermediate with
duplicate sequences and the second removes one of the duplicates to either leave

the WT sequence or the modified sequence.
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The first recombination event used Vero cells seeded in 6 well plates to 50 %
confluency, with two independent wells per recombination. Each well was infected
wi t h 500 nmultiplicity/o¥infection (&.0.1) of approximately 0.2 and incubated
for 1 h at 37 °C. Transfection solutions, A and B, were prepared for each

recombinati on. Sol ut ipGRTNEB198 plasmid-BNA ¢ 1.5 il

of OPTIMEM medium (Fisher Scientific, 11524456) . Solution B consi st

Lipofectin (Invitrogen, 18292037) in 1.5 ml of OPTIMEM medium (Fisher Scientific,
11524456). Solution A and Solution B were incubated for 30 min at room
temperature, then combined and incubated for a further 15 min at room temperature,
generating the final transfection mixture. During the incubation, the rVV was removed
and cells were washed twice with 2 ml of OPTIMEM medium (Fisher Scientific,
11524456). For each transfection 3 ml of the transfection mixture was added to each
well and incubated for 90 min at 37 °C. After the incubation, the transfection mixture

removed and replaced with 5 ml of 1 x BES media. Following this, the cells were

5

incubated overnight at 37 AC. Selection

7.4 ¢l Hypoxant hine) were added at 24

of incubation at 37 °C.

The plaque purification during the TDS protocol was carried out in 6 well plates of
confluent Vero cells. Serial dilutions (10 to 1073) of the rVV stocks were prepared in
1 X EMEM. Cells were washed once with Phosphate Buffered Saline pH 7.2 (PBSa)
and 500 ¢l of inoculum was added per

wells. Cells were incubated for 2 h at 37 °C after which inoculum was removed.

Post-incubation, the inoculum was removed, and a solid overlay was added which
contains equal parts of 2 X EMEM and 2 % agar (Merck, 05040). For the first three
rounds of plague purification, selection agents were added into the overlay media: 30
mM MPA, 66 mM xanthine and 73 mM hypoxanthine. This generates a selection

pressure to maintain the rVVs which have successfully carried out the first
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recombination stage as they possess the Ecogpt selection gene. Plates were
incubated for 4 days at 37 °C and then stained with overlay containing equal parts 2
ml of 2 X EMEM, 2 % agar (Merck, 05040) and 0.01% neutral red (Merck, N4638) in
Molecular-Grade water (Merck, W4502). Three plaques were picked for each
recombinant virus and st or2e . Thisnwadepeated | of 1 x E
three times to isolate the rVVs which had undergone the initial recombination step.
Three more rounds followed in the absence of selection agents to remove the

selection pressure and induce the second recombination event.

2.5.3. Growth of Ministocks of rVVs

After the six rounds of plaque purification, ministocks of the rVVs were propagated in

six well plates of confluent Vero cells. Cells were washed with PBSa and 150 ¢ | of

the sonicated rVV was added to each well in 350
were incubated at 37 °C for 2 h. Without removing the inoculum, 2.5 ml of 1 x BES

media was added to each of the wells and cells were incubated at 37°C until extensive

cytopathic effects (CPE) had developed. Vero cells were scraped into the media and

harvested into 1.5 ml tubes. Cells were pelleted via low-speed centrifugation.
Supernatant was discarded and cells were resusp
BES media. Ministocks were stored at -20 °C. Ministocks were numbered based on

the well in which they were propagated, these numbers correspond to the first number

in the isolate name of the final virus.

rVV DNA was extracted from ministocks using the Qiagen QlAamp DNA mini kit
(Qiagen, 51304) following the blood/body fluid spin protocol provided by the
manufacturer. rvv DNA was eluted in 200 ¢l of
manufacturer) and stored at -20 °C. The extracted DNA was analysed by PCR to
identify rVVs containing the correct modification which also tested negative for

presence of the Ecogpt gene (Section 2.8.1). rVV DNA positive for IBV E gene and
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negative for Ecogpt gene was Sanger sequenced (Section 2.8.3) to determine

whether the correct modification in the IBV cDNA sequence was present.

2.5.4. Growth of rvVV Maxistocks

Large stocks of rVVs with the correct sequence were generated in 11 x T175 flasks
(Greiner Bio-One, 660175) of confluent BHK-21 cells. 2 ml of sonicated rVV was
diluted in 18 ml of 1 x GMEM per flask at an MOI of 0.1-1, flasks were then incubated
at 37 °C for 2-3 days until cells were completely detached from the surface of the
flask. The cells were transferred into 50 ml Falcon tubes (VWR International, 734-
0448) and centrifuged for 15 min at 270 x g and 4 °C. The supernatant was discarded,

and cells were resuspended in 2 ml Tris-EDTA (TE) buffer pH 9 and stored at -20 °C.

2.5.5. Partial Purification of rvVVs

rvVs were detached from BHK-21 cells through sonication using a Branson Digital
Cup Horn Sonifier 450 with a continuous pulse at 70 % output for 2 min. To remove
the BHK-21 cell nuclei, samples were centrifuged for 10 min at 500 x g. TE buffer
was added to the supernatant for a final volume of 13 ml which was layered onto 16
ml of 30 % sucrose in a Beckman Coulter 38.5 ml ultracentrifuge tube (Fisher
Scientific, 12706558). Ultracentrifugation was carried out using a Surespin 630 rotor
at 36,000 x g for 1 h (4°C). Pellets were resuspended in 5 ml of 1 mM TE buffer and

stored at -20 °C.

2.5.6. PhenolChloroform DNA Extraction

An equal volume ofpreewar med (50 AC) 2X proteinas
solution of proteinase K was added to 10 ml of the partially purified rvV DNA and

incubated for 2.5 h at 50 °C.

Phenol-Chloroform (Life Technologies, 17909) was added in equal volume and mixed

by inverting the tube 5-10 times before centrifugation at 1,200 x g for 15 min. This
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formed two phases within the tube, the upper phase was carefully removed and
placed into a 50 ml Falcon tube (VWR International, 734-0448) using a wide-bore
pipette tip. The phenol-chloroform step was repeated once and then the process was
repeated once with Chloroform (Merck. 32211-M). rVV DNA was then precipitated by
adding 2.5 volumes of -20 °C absolute ethanol (VWR International, 20821.321) and
0.1 volumes of 3 M sodium acetate (Fisher Scientific, 11301618). The samples were
centrifuged at 3500 revolutions per minute (rpm) for 30 min (Megafuge 16R Heraeus)
and the supernatant was removed. 10 ml of -20 °C 70 % ethanol (VWR International,
20821.321) was added to dissolve salts present in the samples, to aid this the 50 ml
Falcon tube (VWR International, 734-0448) was placed on ice. Further centrifugation
was carried out at 3500 rpm for 30 min (Megafuge 16R Heraeus). Supernatant was
removed and pellets left to dry until there most of the ethanol had evaporated. The
pell ets were resuspend@rdde water (Mdrdk, W302) and

stored at 4 °C to avoid shearing the DNA.

2.5.7 Rescue of rIBV

To form a rIBV with the desired mutation, the rIBV genome must be rescued from the
rvV vector (Figure 2.4). The N protein is delivered to the reaction via a transfected
plasmid: pCi-Nuc (which transcribes the M41-K N protein) or pCi-Neo (which
transcribes the Beau-R N protein). The cDNA copy of the IBV genome and the pCi-
Nuc and pCi-Neo plasmids are under the control of a T7 promoter in the rVV DNA so
this process requires a recombinant Fowl pox virus which encodes the T7 promoter

(rFPV-T7) to transcribe the IBV genome.
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Figure 2.4. Rescue system used to recover rIBV from rVV vector in CK cells. CK
cells were infected with rFPV-T7 to provide the T7 RNA polymerase which was
required as the cDNA copy of the IBV genome in the rVV genome is controlled by a
T7 promoter. The pCi-Nuc/pCi-Neo plasmid and modified IBV genome within rvV
derived DNA was transfected into the CK cell. The pCi-Nuc/pCi-Neo plasmid
transcribes the IBV N protein which coats the synthesised IBV genomes to form the
ribonucleoprotein (RNP). The presence of the IBV genome stimulates normal 1BV

replication and therefore generates the rIBVs.
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Several independent rescue reactions were carried out for each rVV as the rescue
process relies on a low probability event. Ideally, at least two independent rvV
ministocks (indicated by the first number of the isolate name) are taken forward to the
rescue stage. For each virus the rescue attempt was numbered, these numbers
correspond to the second number in the isolate name of the final virus. Therefore,
the final name of the isolated rIBV details both the rVV stock and rescue attempt from

which the virus originated.

CK cells seeded into six well plates to 50 % confluency were used for the rescue
process. CK cells were washed with PBSa and inoculated with rFPV-T7 at an MOI of
10 in 1 ml of 1 X BES media. Infected cells were then incubated at 37 °C for 1 h.
Transfection solutions, A and B, were prepared for recombination. Solution A
consisted of 1.5 ml of OPTIMEM (Fisher Scientific, 11524456) |, 10 ¢g

and 5 ¢-lucpCi-Ngo @dr replicate. Solution B consisted of 1.5 ml OPTIMEM

(Fisher Scientific, 11524456) and 30 ¢l of L 11926203¥)cderi n

replicate. Solution A and Solution B were incubated for 30 min at room temperature,
then combined and incubated for a further 15 min to generate the final transfection
solution. rFPV-T7 was removed, and cells were washed twice with OPTIMEM (Fisher
Scientific, 11524456). 3 ml of the transfection solution was added per well and cells
were incubated overnight at 37 °C. The following day, the transfection media was
replaced with 1 x BES media and cells were incubated at 37 °C until extensive CPE

was seen.

of

rvv DNA

(I'nvitroc

Cel | supernatant was harvested,SL@GROIBNSysing a 0. 2

attached to a 5 ml syringe (Industrial & Scientific, 302187) the rFPV-T7 progeny was
removed. Filtered supernatant (passage 0) was stored at -80 °C. To increase the viral
titre of the newly propagated rIBV, the supernatant was passaged an additional two

times on CK cells. The passage 2 viruses were then screened via RNA extraction,
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RT-PCR and Sanger sequencing (Sections 2.6 - 2.8) to ensure the desired sequence

was present in the riBV.

2.6. RNA Extraction

RNeasy Mini Kits (QIAGEN, 74104) were used to extract total RNA from supernatant,
allantoic fluid and cell |l ysates aimgtler di ng t
RNA clean-up protocol. RNA was eluted from columns in 35pl of RNAse free water

(provided by manufacturer) and stored at -20 °C.

To prepare samples for quantitative PCR (gPCR) a DNase treatment (Fisher
Scientific, EN0521) was carried out during use of the animal cells spin protocol,

following the manufacturer6s instructions.

RNA extracted from in vivo experiment (Section 2.24) was carried out following the

ani mal tissues spin protocol, following the

2.7. Reverse Transciption (RT)

RT was carried out as a two-step assay. Denaturation of the RNA strands was
achieved through incubation of the mixture from Table 2.2 at 65 °C for 5 min then on
ice for 2 min (Table 2.3). Random primer was ordered from Sigma-Aldrich, Merck at
a stock concentration of 100 uM and was diluted to 50 uM before use. The sequence

for the random primer used was 5

GTTTCCCAGTCACGATCNNNNNNNNNNNNNNN 3.
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Table 2.3. Components of the first RT mixture.

Component Supplier Volume | FinalConcentration
RNA - 5> f -
Nuclease free #0 Merck, W4502 6> f -
10 mM dNTPs Life Technologie0182 1> f 0.5 mM of each
50>M Random Primel Merck 1> f 2.5>M

RNA was transcribed into cDNA using the reverse transcriptase Super Script IV

(SSIV). The mixture for the second stage is detailed in Table 2.4 and the thermocycler

program is detailed in Table 2.5. Within the reaction, recombinant ribonuclease

inhibitor (RNaseOUT) prevents degradation of RNA within the reaction and

Dithiothreitol (DTT) is a reducing agent which aids the breakdown of RNA secondary

structures.

Table 2.4. Components for the second RT mixture.

Component Supplier Volume | Final Concentration
SSIV Buffer Life Technologie4,8090050 4> f§ 1X

SSIvV Life Technologie4,8090050 1> ¢ 20 U/ul
RNaseOUT Life Technologied4,0777019 1> 1 2 U/l

DTT Life Technologie4,8090050 1> ¢ 5mM
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Table 2.5. SuperScript IV thermocycler program

Temperature Time
23 °C 10 min
55 °C 10 min
80 °C 10 min
18 °C Hold

2.8. Polymerase Chain Reaction (PCR)

2.8.1. Standard PCR

The DNA polymerase, Taq polymerase, was used to amplify the cDNA according to
the manufacturero6s instructions. The compon
detailed in Table 2.6. Magnesium chloride (MgCl.) is required for the reaction as it
acts as a cofactor for the Taq polymerase enzyme and aids primer binding. Primer
sequences are listed in Table 2.7. The thermocycler program is detailed in Table 2.8,

the annealing temperature and extension time varied between primer sets.
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Table 2.6. Components required for a standard PCR

Component Supplier Volume | Final Concetration
10X PCR Rxn Buffe| Life Technologie40342046| 5> f 1X
MgCh Life Technologie4,0342046| 2> f 2mM
dNTPs Life TechnologieR0182 1> f 0.2mM
Forward Primer See Table Z. 1> f 0.2 pmol
Reverse Primer See Table Z. 1> f 0.2 pmol
Taq DNAPolymerase | Life Technologieq4,0342046 | 0.5> § 25U
Template DNA - 5> f -
Nuclease free #0 Merck, W4502 34.5> ¢ -

Primers used throughout this project are listed below. Primers were synthesised by

Sigma-Aldrich, Merck. Stocks are at 100 mM and are diluted in Molecular-Grade

water (Merck, W4502) to 10 mM before use.

Table 2.7. Oligonucleotide sequences and targets for RT and standard PCR.

Primer Sequence Target
BG50 5 TAGCGCTCCAACAAGTAA E
BG144 5 CAGTGTTTGCGTGTCTGTCT E
M Forward 5 AAATCCAGCAAATTTTCAAG M
M Reverse 5 TACTCTCTACACACACACAT M
E Forward 5 GCTGAAGATTGTTCAGGIGA E
E Reverse 5 GCTGAACTGACTGTTCAAAG E
Ecogptforward 5 ATGAGCGAAAAATACATCGTC GPT selection marker
Ecogptreverse 5 TTAGCGACCGGAGATTGGC 3  GPT selection marker
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Table 2.8. Standard PCR thermocycler program

Temperature Time Number of Cycles

95°C 3 min 1
95°C 45 seconds (sec)

Annealing Temp. 30 sec 25

(~60°C)

72°C Extension Timésec per bp)
72°C 5 min 1
18°C Hold 1

2.8.2. Gel Electrophoresis

Gel electrophoresis was used to visualise amount and size of PCR product using 1
kb DNA ladder (NEB, N3232L). 5 pl of each sample was diluted in 2 pl of DNA loading

buffer.

Gels were assembled in 9 x 11 horizontal submarine gel apparatus (Galileo
Bioscience, 80-0911). The gel comprised of 1 % agarose (Merck, A9539) in 0.5 X
Tris Borate EDTA (TBE) buffer (Life Technologies, 15581044) containing SYBRE

Safe DNA Gel Stain (Invitrogen, S33102). Gels were run at 150 V for 1 h.

2.8.3. Sanger Sequencing

PCR products were sent for sequencing by Eurofins GATC. Each sequencing
reaction contained 5 pl of PCR product (20-80 ng/ul) and 5 pul or primer (5 uM) within
Molecular-Grade water (Merck, W4502). Results were analysed using Staden

sequence analysis software.

Plasmids were diluted to 100 ng/pl in 10 pl of Molecular-Grade water (Merck, W4502).
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2.9. Quantitative Polymerase Chain Reaction (QPCR)

TagMan gPCR was performed using TagMan ® Fast Advance Master Mix (Life
Technologies, 4444557) or TagMan™ Multiplex Master Mix (Life Technologies,
4486295) depending on the reporter sequence of the probes. For probes which use
an ABY/JUN reporter (Table 2.10) TagMan ® FastAdvance Mastermix (Life
Technologies, 4444557) cannot be used as the ROX passive reference creates the
same signal as the reporter. gPCRs were run on a 7500 Fast Real Time System
(Applied Biosystems) within MicroAmpE Fast Optical 96-Well Reaction Plates (Life
Technologies, 4346907). The cycle for all gPCRs carried out within this project is

detailed in Table 2.9.

Table 2.9. Fast gPCR thermocycler program

Temperature Time Number of Cycles
95°C 20 sec 1
95°C 1 sec 40
60°C 20 sec

Details of the RNA extraction and RT methods used prior to gPCR can be found in
Sections 2.6 and 2.7. Post-extraction, the RNA was normalised to ensure that there
are comparable quantities of RNA input into the cDNA reaction. This normalisation
was also carried out before the cDNA was inputted into the gPCR reaction to ensure

that all the samples contained approximately 50 ng/ul of cDNA.

Two different methods of gPCR were carried out within the project. The first assessed
the level of viral RNA present. The second assessed the upregulation of cellular
genes upon viral infection. The primer and probe sets used within gPCR are listed in

Table 2.10, reagents contained within each gPCR reaction are listed in Table 2.11.
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Table 2.10. Primer and Probes used within gPCR.

Gene Forward Primer(5 to 3) Reverse Prime(5 to 3) Probe Sequence Reporter | Quencher
E gene GGTAGAGCACTTCAAGCATT| CCGGATTGTTAAGTTTTCTA CCAGGAGCTAAGGGTACAGCO FAM TAMRA

Sg3 CTAGCCTTGCGCTAGATTTTTA CCGGATTGTTAAGTTTTCTA CCAGGAGCTAAGGGTACAGCO FAM TAMRA
IBV 5 GCTTTTGAGCCTAGCGTT GCCATGTTGTCACTGTCTA CACCACCAGAACCTGTCACCT| FAM TAMRA

I -Actin GCATACAGATCCTTACGGATAT CAGGTCATCACCATTGGCA CACAGGACTCCATACCCAAGAAAG| FAM TAMRA

HPR'1 TGTAATCGAGGGCGTATCCA TGGTCAAAAGAACTCCTCGA TCCAACAAAGTCTGGCCGATATC FAM TAMRA

IL-6 GCTCGCCGGCTTCGA GGTAGGTCTGAAAGGCGAA( AGGAGAAATGCCTGACGAAGCTC| FAM TAMRA

IL-1B GCTCTACATGTCGTGTGTGAT( TGTCGATGTCCCGCATGA CCACACTGCAGCTGGAGGAAG( FAM TAMRA

IFN GACAGCCAACGCCAAAGC GTCGCTGCTGTCCAAGCA CTCAACCGGATCCACCGCTACA ABY QSY

IFN CCTCCAACACCTCTTCAACAT(G TGGCGTGTGCGGTCAAT TTAGCAGCCCACACACTCCAAAACA|  JUN QSY

Notes: Before use, the primers were diluted to 10 €M and probes were diluted to 5 ¢ M. The sg3 forward primer covers a sequence present in

Leader 1 and the reverse primer is the E gPCR reverse primer. The same probe sequence for the E gene and sg3 was used.
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Table 2.11. Components required for gPCR.

Component Supplier Volume Final Concentration
TagMan Fast Life Technologies, 5 ¢l 1X
Advance Master Mix/ 4444557/
TagMan Multiplex Life Technologies,
Master Mix 4486295
Forward Primer See Table 2.10 0.5 0.1 pM
Reverse Primer See Table 2.10 0.5 0.1 pM
Probe See Table 2.10 0.25 0.1uM
Nuclease free H20 Merck, W4502 1.75 -
cDNA - 2 ¢l -

2.9.1. Assessing Viral Load Using qPCR

Primers and Probes for the E gene qPCR were designed using Snapgene and were
synthesised by Sigma-Aldrich (Merck). The gPCR standards were generated through
standard PCR (Section 2.8.1) using the gPCR primers. The PCR products generated
were quantified and diluted to 0.5x10° molecules/ul in Molecular Grade water (Merck,

W4502).
The components required for the reaction are listed in Table 2.11.

Standards were serially diluted from 10° copies/pl to generate a standard curve. The
output of the experiment was represented in Ct values. The Ct values of the diluted
standards are plotted as a semi-log line to allow for interpolation of the sample values

to determine a value for viral copies present within each sample.

2.9.2. Assessing Upregulation of Host Factors Using gPCR

The Ct value of each potential reference gene was analysed across a variety of
samples, the genes selected have been shown to be appropriate for cellular gene

expression in CK cells (183).
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The raw data was exported as a .csv file and imported into Excel. Using the GeNorm
add-on, the GeNorm M value which represents the stability of each reference gene
and the GeNorm V value which represents the optimal reference gene number was

determined (184).

Once an appropriate cellular control was selected, four innate immune response

factors were investigated: IL-6, IL-1 B, | FNU and irheF Ahd .prob& h e

sequences for each of the housekeeping genes and experimental genes can be

found in Table 2.10.

The qPCR reactions were carried out in duplicate, the components required are listed
in Table 2.11. Individual master mixes were required for the experimental and
housekeeping genes. The Ct Mean data generated for each sample against the
experimental gene is assessed in comparison to the housekeeping gene using the

following calculation:

exeCt = ( Ct erilvbata genee-xCp Mean housekeeping gene) - (Ct Mean
experimental gene reference sample - Ct Mean housekeeping gene reference

sample)

The e Cdalculation takes the reference sample as mock infected samples. The
exeCt for the mock agthabgives aifoll chgngen(EG) af IL. IThe 2°0
®@Ctalculation is used to determine the relative FC of the experimental gene in

comparison to the housekeeping gene for each sample.

2.10. NGS Sequencing

2.10.1. Virus Purification

Partial purification for the isolation of viral RNA was carried out following previously
described protocol (185). To purify virus in preparation for NGS sequencing analysis,

ultracentrifugation was carried out using 5 ml Beckman Coulter tubes (Fisher
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Scientific, 10601651). The solution was incubated with continuous mixing and heat
to melt the sugar and was filtered using a 0.2 pM Nalgene™ vacuum filter (Fisher
Scientific, 10421791). 1 ml of the 30 % sucrose solution was added to the
ultracentrifugation tube and 4 ml of viral solution was overlayed. The tubes were
added into the ultracentrifugation buckets and each bucket was balanced to ensure

the weight was within 0.01 g through addition of PBSa.

The buckets were added to a Beckman Coulter SW-55-Ti rotor and the samples were
centrifuged for 1 h at 223,600 x g as previously described (185). After centrifugation
the liquid was removed from the ultracentrifugation tube and discarded into a beaker.
The pellet was resuspended in 350 pl of RLT buffer which was provided within the
Qiagen RNeasy kit (QIAGEN, 74104). The viral RNA was extracted from this sample

following the method described in Section 2.6.

The RNA concentration was measured using the Qubit fluorometer RNA Assay HS
kit (Fisher Scientific, Q32852). The Qubit HS kit was equilibrated to room temperature
before use. Assay tubes were set up for the standards and the samples. The Qubit
working solution was prepared by diluting the Qubit RNA Reagent 1:200 in Qubit RNA

buffer. The assay tubes were prepared as listed in Table 2.12.

Table 2.12. Components required for Standard and Sample Assay tubes for use

within the Qubit RNA Assay Kkit.

Standards Samples
Working Solution 190ul 198l
Standard (from kit) 10ul -
User Sample - 2ul
Total volume in each tube 200pl 200ul

Standards and samples were vortexed for 2-3 sec and incubated at room temperature

for 2 min. The Qubit 2.0 Fluorometer was set to the RNA assay and was calibrated
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with the standards before analysis of the samples. Concentrated viral RNA was

stored at -80 °C.

2.10.2. NGS Sequencing

The NGS sequencing was carried out by the Sequencing Unit at The Pirbright
Institute, following the method detailed within (186). Data analysis was carried out by

Graham Freimanis, The Pirbright Institute.

2.11. In silicoModeling Methods

In silico modelling methods were carried out by Holly Everest, The Pirbright Institute.

Rendering of the models within PyMol software was carried out by the author.

2.11.1. Spike Models

Predicted structures of the trimeric IBV S protein within WT M41-K, M41K-T16A-2.6
and M41K-T16A-8.3 were generated using SWISS-MODEL (187). Amino acid
sequences containing the M41K-T16A-2.6 F36L mutation or the M41K-T16A-8.3
1637T mutation were inputted into SWISS-MODEL using an existing IBV M41 cryo-
EM structure [53] as a template - RCSB PDB: 6CV0. The PDB structures were then
exported and rendered using PyMol [6l1]. Rendered predicted structures of the S
proteins possessed by the M41K-T16A isolates were overlayed with the solved WT

M41K structure. The point mutations F36L and 1637T were isolated and enhanced.

2.11.2. E and M Models

As there are currently no structures solved for the IBV E protein, predicted structures
of the WT virus with or without mutations at the T16A or A26F residues within the E
protein were generated using AlphaFold2 Colab (188, 189). The predicted structure
for the M protein was also carried out using AlphaFold2. The sequences were
sourced from UniProt (https://www.uniprot.org) with the mutations being inserted into

the desired residues. The resulting sequences were imported into AlphaFold2 and
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PDB files were exported. Predicted models of each of these proteins were rendered
using PyMol. As previously, predicted structures were overlayed and point mutations

isolated and enhanced.
2.12. Replication Kinetics of Viruse#n Vitro

2.12.1. Replication Kinetics

Replication kinetics of the recombinant viruses were assessed in three different cell
types: Vero cells, DF1 cells or CK cells. Cells were seeded into six well plates to
confluency. Cells were washed once with PBSa. Each well was infected with 500 ¢ |
of virus which had been diluted to a set titre in 1 x BES media. After a 1 h incubation
at 37 °C, cells were washed with PBSa and 3 ml of 1 x BES media was added. Further
incubation was carried out at 37 °C. Supernatant was harvested at 1-, 24-, 48-, 72-
and 96-hours post infection (hpi) or 1-, 2-, 4-, 6-, 8-, 10- and 11-hpi. Viral titre for each
timepoint was determined by plaque assay using CK cells (Section 2.13). Samples
from the 96 hpi timepoint were Sanger sequenced over the E gene (Method Sections

2.6-2.8).

2.12.2. Viral Release Assay

Viral release was assessed in three different cell types: Vero cells, DF1 cells or CK
cells. Cells were seeded into 6 well plates to confluency. Cells were infected with
virus at a set titre and incubated for 1 h at 37 °C. After the incubation the inoculum
was removed, and the cells were washed twice with PBSa. The cells were topped up
with 3 ml of 1 x BES media. After 24 hpi, the supernatant was removed from the cells
and stored at -80 °C. Plates were washed once with PBSa and 1 ml of 1 x BES media
was added to cells before the plates were freeze-thawed to extract the cell lysate.
The harvested supernatant and cell lysate were titrated on CK cells to assess the

amount of virus present, as detailed in Section 2.13.
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2.13. Viral Titration by Plaque Assay

CK cells were seeded into 12 well plates and virus preparations were serially diluted
(tenfold) in 1 x BES media. Cells were washed once with PBSa and infected with 250
¢ bf diluted virus per well for 1 h at 37 °C, each dilution was plated in triplicate. After
this incubation, the inoculum was removed, and a solid overlay made up of 2 ml of
equal parts 1 x BES and 1 % agar (Merck, 05040) was added per well. Three days
after infection cells were fixed with 3.3 % formaldehyde and stained with 0.1 % crystal

violet.

The number of plaques at each dilution were counted in triplicate and the average
determines the plague forming units (PFU) per 250 ¢ .| To convert this into PFU/m,
the average number of plagues was multiplied by four and the titre was calculated

from the dilution.

2.14. Genetic Stability of Virusesn Vitro

To evaluate genetic stability, viruses were passaged fifteen times in CK cells. CK
cells were seeded into 6 well plates and washed once with PBSa before infecting with
500 ¢ lof passaged virus per well, diluted 1 in 10 in 1 x BES media. Plates were
incubated for 1 h at 37 °C. Following this, the inoculum was removed from each well
and 3 ml of 1 x BES was added. Four replicates of each isolate were passaged, each

replicate was sequenced at passage 5, 10 and 15.

2.15. In Ovo Characterisation ofRecombinantViruses

2.15.1. Infecting Eggs with IBV

Embryonated SPF eggs were candled at 10 days incubation to ensure that the
embryos were viable. The air sac and a position 1 cm from sac membrane was

marked and a hole was drilled without breaking the shell using a Dremel Electric
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Engraver. Virus was diluted to a set titre in PBSa and 0.1 ml of inoculum per egg was
injected into the allantoic cavity using a 25-gauge Microlance™ 3 Needle (BD,
300300) and a BD Plastipak™ syringe (BD, 303172). Eggs were then incubated
rocking in an egg incubator at 37 °C for 24 hpi to allow viral replication. To cull the

embryos, the eggs were placed at 4 °C for at least four h (Schedule 1 method).

2.15.2. Harvesting Allantoic Fluid from Embryonated Eggs

Eggshell was removed using forceps which were inserted into the engraved hole
used to infect the eggs. The eggshell was cut away ensuring that the air sac
membrane was left intact. Using 3 ml pipettes the allantoic fluid was removed, yolk
and blood vessels were avoided. The allantoic fluid collected from eggs inoculated
with the same virus was pooled into a 50 ml Falcon tube (VWR International, 734-
0448), allantoic fluid from eggs inoculated with different viruses were harvested
individually. The allantoic fluid was clarified by low-speed centrifugation at 4 °C to
remove debris. The supernatant was then aliquoted into 1.5 ml tubes and stored at -
80 °C. To screen allantoic fluid, RNA was extracted and then screened by RT-PCR.
To determine whether any mutations were generated, the virus genomes were

Sanger sequenced over the E gene.

2.16. Ex Vivo Characterisation of Recombinant

Viruses

2.16.1. Replication Kinetics of Viruses in TOCs

To carry out a multi-step replication kinetics experiment, TOCs prepared from
embryos were used. Five TOCs were infected per virus in the same tube. TOCs were
washed with PBSa and infected with 1 ml of virus diluted to a set titre within TOC
infection media. After a 1 h incubation at 37 °C, with tubes upright, TOCs were
washed twice in PBSa before topping up with 1 ml of TOC infection media. Further
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incubation was carried out in tissue culture rollers at 37 °C with a rolling rate of 1
revolution per 7 min. Supernatant was harvested from 2 tubes per timepoint at 1-, 24-
, 48-, 72- and 96-hpi. Viral titre for each timepoint was determined by plaque assay
using CK cells (Section 2.13). Samples from the 96 hpi timepoint were Sanger

sequenced over the E gene (Methods Section 2.6-2.8).

2.16.2. Ciliary Activity Assay in TOCs

Before infection, TOCs were washed twice with PBSa. TOCs were infected at a set
titre of virus which was diluted in TOC infection media. Ten replicates were carried
out per virus. Tubes were incubated upright for 1 h at 37 °C and then washed twice
with PBSa before topping up with 1 ml of TOC media. Further incubation was carried
out at 37 °C with a rolling rate of 1 revolution per 7 min. Ciliary activity of TOCs was
observed at 24 h intervals using a light microscope, where the proportion of cilia

beating is represented with a score of 0, 25, 50 or 100 %.

2.17. ERGIC Inhibitors

2.17.1. Preliminary Inhibitor Screen

CK cells were seeded into 6 well plates to confluency. Cells were infected with 10*
PFU of Beau-R or BeauR-T16A-3.4. CK cells were incubated with diluted virus for 1
h at 37 °C. After the incubation, the inoculum was removed, and the cells were
washed once with PBSa. The cells were topped up with media containing ERGIC
inhibitors (Table 2.2) at a concentration which has previously been shown to be
effective for inhibition. Control wells with either no treatment (media only) or Dimethyl
sulfoxide (DMSO, Merck, D8418) were included. The concentration of DMSO used
was the highest volume present in the inhibitor stocks. At 24 hpi, the supernatant and
cell lysate were harvested from the cells and stored at -80 °C. The amount of virus

present was assessed through titration on CK cells, see Method Section 2.13.
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2.17.2. Dose Response Assay

CK cells were seeded into 6 well plates to confluency. Cells were infected with 500
ul of virus at a titre of 10* PFU and incubated for 1 h at 37 °C. The cells were then
washed once with PBSa and a range of concentrations of the ERGIC inhibitors were
added to each well diluted within 3 ml of 1XxBES. Control wells were included which
either contained no treatment or DMSO (Merck, D8418) The inhibitors selected were
Monensin, Exol, Brefeldin-A (BFA) and Fli-06, sources can be found in Table 2.2.
The supernatant and cell lysate for each concentration was harvested and stored at

-80 °C. The titre was assessed through titration on CK cells (Method Section 2.13).

2.17.3. BFA Time-Course

CK cells were seeded into 6 well plates to confluency. Cells were infected with 500
ul of virus at a titre of 10* PFU. Cells were incubated with inoculum for 1 h at 37 °C.
After the incubation, the cells were treated with 3ml of either untreated 1 x BES media
or 1 x BES media containing 1 pg/ul of BFA. At 2-, 4-, 6-, 8-, and 10-hpi media was
replaced in one of the plates to include media with 1 pg/pl of BFA. At 24 hpi the
supernatant and cell lysate were harvested from each of the wells and was stored at
-80 °C. Cell lysate was harvested through removal of the supernatant by washing
once with PBSa. The supernatant was replaced with 1 ml of 1 x BES media, and the
plate was freeze-thawed to generate the cell lysate. The titre was assessed through

titration on CK cells, see Method Section 2.9.
2.18. Cell TiterGlo CellViability Assay

2.18.1. Cell Viability in Presence of Varying Inhibitor

Concentrations

CK cells were seeded to confluency within a 96 well plate (Fisher Scientific, 167008).

Cells were washed once in PBSa and inoculated with ERGIC inhibitors. The amount
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of ERGIC inhibitor present was serially diluted (1:2) down the plate. Cells were
incubated at 37 °C for 24 h. Following incubation, the cells were transferred to an
opaque 96 well plate white opaque 96-well plate (OptiPlate-96, PerkinElmer,
6007290). CellTiter-Glo® (Promega, G7571) reagents were added to each well as
per the manufacturerdds instructions. The | e

Promega GloMax plate reader (Promega, GM3000).

2.18.2. Cell Viability in Presence of Varying Viral Titre

CK, DF1 or Vero cells were seeded to confluency within a 96 well plate (Fisher
Scientific, 167008). Cells were washed once in PBS and infected with virus. The virus
was serially diluted two-fold down the plate. Cells were incubated for 96 h and the
CellTiter Glo® (Promega, G7571) reagents were added every 24 h. Prior to reading
the level of luminescence the cells were transferred to a white opaque 96 well plate
(OptiPlate-96, PerkinElmer, 6007290). The level of luminescence was read using the

Promega GloMax plate reader (Promega, GM3000).
2.19. Viral Protein Analysis bylmmunoprecipitation

2.19.1. Generating Cell Lysates

To generate cell lysates, six well plates of confluent CK cells were infected with equal
titres of virus and incubated at 37 °C. Cells were washed with cold PBSa prior to lysis
using 350 pl of radioimmunoprecipitation assay (RIPA) lysis buffer (Fisher Scientific,
10017003) containing 1X Protein Inhibitor Cocktail (PIC, Fisher Scientific, 78442) at
24- or 48-hpi. Plates were incubated on ice for 20 min and then cells were scraped
into the buffer. To remove the cell debris, tubes were centrifuged at 10,000 rpm
(Biofuge Pico, Heraeus) for 3 min. The supernatant generated was then stored at -

20 °C.
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2.19.2. SDS-PAGE Electrophoresis

Cell lysates were resolved using SDS-PAGE. Samples were diluted in Laemmeli
sample buffer (4X) (Biorad, 1610747) c 0 nt amemdptogghanbl (BME, Merck,
M6250) and were incubated at 80 °C for 10 min. Cell lysates were run for 1 h at 150
V alongside molecular weight ladder (Precision Plus Protein™ Dual Color Standards,
Biorad, 1610374) on Mini TGX Protean 4-15 % gel (Biorad, 4561085). SDS-PAGE

running buffer used is detailed below.

Proteins were transferred onto a nitrocellulose membrane, all reagents were provided
within the Trans-Blot Turbo Nitrocellulose kit (Biorad, 1704270). Transfer was carried

out using TransBlot® Turbo™ Transfer System (Biorad, 1704150EDU) program 1X

Mini TGX gel T 3 mi n. Transfer buffer was prepared

instructions.

2.19.3. Western Blot (WB)

Nonspecific binding sites were blocked with 5 % milk solution in PBS-tween (PBS-T)

for 1 h.

Primary antibody dilutions were prepared in 5 % milk solution and 3 ml was added
per membrane. Antibody dilutions are detailed in Table 2.13. Membranes were
incubated overnight on an orbital shaker at 4 °C. Primary antibody was removed by

washing three times in PBS-T for 5 min per wash.
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Table 2.13. Primary antibody concentrations and sources

Antibody Name Supplier Dilution Reactivity

Anti-E IE7 Generatedn-house 1:100 Mouse IgG
Anti-E AF12 Generated iFhouse 1:100 Mouse 1gG2b
Anti-S2 26.1 Wageningen, 750089 1:500 Mouse lgG2a

Anti-Betaactin Abcam ab8227 1:2000 Rabbit 1IgG
Anti-IBV Abcam, alab31671 1:1000 Chicken 1gG

Secondary antibody dilutions were prepared in blocking solution and 15 ml was
added per membrane, Table 2.14. Membranes were incubated for 1 h at room
temperature with constant agitation. Secondary antibody was removed from the
membrane by washing three times in PBS-T for 5 min per wash. Membranes were
washed once in Molecular-Grade water (Merck, W4502) before visualisation using

the LICOR Odyssey CLx Imaging System.

Table 2.14. Secondary antibody concentrations and sources

Antibody Name Supplier Dilution IR Dye
Goat AntiRabbit Abcam,ab216777 1:15,000 680 RD
Donkey AntMouse Abcam,ab216774 1:15,000 800 CW
Donkey AntiChicken | LICOR, 9232218 1:15,000 800 CW

2.20. Visualisation of Viral Proteins Using

Immunofluorescence (IF)

CK or Vero cells were seeded to 80 % confluency in a 24 well plate (Scientific

Laboratory, 353047) containing glass coverslips (TAAB, M160/1.0) which were
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sterilised using absolute ethanol (VWR International, 20821.321). These cells were
infected with 200 pl of diluted virus per well and incubated for 1 h at 37 °C before
adding 1 ml of 1 x BES. At 24 hpi, cells were washed with PBSa and fixed with 4 %
paraformaldehyde (PFA, Agar Scientific, AGR1026) in PBSa for 20 min at room
temperature. PFA was washed from coverslips using PBSa and the cells were then

permeabilised with 0.1 % Triton (Merck, X100) in PBSa for 10 min.

Coverslips were washed with PBSa and 200 pl of 0.5 % BSA (bovine serum albumin,
blocking solution) was added for 1 h at room temperature to prevent non-specific
binding. Blocking solution was removed, cells were then incubated for 1 h at room
temperature with 200 ul of primary antibody diluted in the blocking solution, see Table

2.15 for antibody dilutions.

Table 2.15. Primary antibody concentrations and sources

Antibody Name Supplier Dilution Reactivity
AF12 antE Generated iFhouse 1:100 Mouse 1gG2b
Anti-LC3B Abcam,ab48394 1:200 Rabbit 1gG
Anti-GM130 Abcam ab52649 1:250 Rabbit 1gG
Anti-LMANT1 Cell Signalling Technology, E2B| 1:100 Rabbit 19G
Ant-ERGIG3/p58 SigmaAldrich, E1031 1:100 Rabbit 1gG

Cells were then washed three times with PBS before incubation for 1 h with 200 pl
secondary antibodies diluted in the blocking solution. Secondary antibodies are listed

in Table 2.16.
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Table 2.16. Secondary Antibody concentrations and sources

Antibody Name Supplier Dilution Signal
Donkey AntiMouse IgG | Fisher Scientific, A2120 1:500 AlexaFluor 488
Goat AntiChicken IgY | Fisher Scientific, A1103 1:500 AlexaFluor 488
Goat AntiRabbit IgG Fisher Scientific, A1101 1:500 AlexaFluor 568
Goat antiMouse IgM Fisher Scientific, A2104 1:500 AlexaFluor 488
Goat antiMouse IgG1 Fisher Scientific, A2112 1:500 AlexaFluor 488
Goat antiMouse IgG2a | Fisher Scientific, A2113 1:500 AlexaFluor 488
Goat antiMouse IgG2b | Fisher Scientific, A2114 1:500 AlexaFluor 488
The coverslips were then washed three times with PBSa and 200 pl 6 -diagidino-

2-phenylindole (DAPI, Merck, D9542) diluted 1 in 10,000 in Molecular-Grade water
(Merck, W4502) was added for 4 min to stain the nuclei. Coverslips were then washed
with Molecular-Grade water and removed from the cell culture plate and mounted
onto glass slides using Vectashield® Antifade Mounting Medium (Vector
Laboratories, H-1000-10). Coverslips were sealed with nail varnish and stored in
fridge until visualisation using a Leica SP5 confocal microscope. Single-plane images

were generated using the Leica LAS Software.

2.21. Electron Microscopy (EM)

EM analysis was performed by Nicole Doyle, The Pirbright Institute. The method used

has been detailed previously (190).

CK cells were seeded onto round plastic coverslips in a 24-well plate (Scientific
Laboratory, 353047). Cells were mock infected or infected with IBV, at various
timepoints post infection the media was removed from cells and 1 ml of fixature was

added to the cell.
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Cells were fixed with 2 % glutaraldehyde for 1 h at 8-, 16- and 24-hpi. The fixative

solution was provided by the Bioimaging Service, The Pirbright Institute.
2.22. Immunoprecipitation for Mass Spectrometry

2.22.1. Immunoprecipitation

PureProteome Protein A/G magnetic beads (Merck, LSKMAGAG) were added to a
1.5 ml tube washed in 500 pl PBSa for 10 sec. One tube was prepared per
immunoprecipitation sample and 35 pl of magnetic beads were added per tube. The
tubes were placed into a magnetic stand to capture the beads allowing for the
removal of the PBSa. This wash step was repeated once before 2 ul of capture
antibody (Anti-E, AF12, Table 2.13/ 2.15) was added. The beads were incubated with
the antibody for 30 min at room temperature with continuous mixing. The tube was
returned to the magnetic stand and the unattached antibody was removed. The beads
were washed three times using 500 pl PBSa to facilitate removal of the unbound
antibody, wash step detailed above. The cell lysate sample (50 ul) was added to the
magnetic beads with immobilised antibody. The tubes were incubated at 4 °C
overnight with continuous mixing. The magnet was re-engaged, and the sample was
removed. The beads were washed three times in PBSa for 10 sec per wash, as

detailed above.

To carry out denaturing elution, 60 pyl of Laemmeli sample buffer (4X) (Biorad,
1610747) containing BME (Merck, M6250) was added to the beads. Tubes were
heated at 70 °C for 10 min. The magnet was re-engaged to allow for the supernatant

which contains the eluted beads to be transferred to a new tube.

For mass spectrometry analysis the beads were left in a small volume of the final

PBSa wash to be eluted during the mass spectrometry technique.
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2.22.2. Western Blot (WB)

Immunoprecipitated samples were eluted using the denaturing elution buffer. To
ensure that the E antibody immunoprecipitation had been successful a WB was

carried out using the protocol listed in Section 2.19.3.

2.22.3. Silver Stain

Silver stain was carried out to assess the amount of protein obtained from the co-
immunoprecipitation (co-IP). This assay was performed with the Pierce Silver Stain

Kit (Fisher Scientific, 24612), following th

The denatured pull-down samples were run on an SDS-PAGE gel (Section 2.19.2).
Upon resolution the gels were washed twice in Molecular-Grade water (Merck,
W4502) with constant agitation for 5 min per wash. A fixing solution containing 30 %
ethanol (VWR International, 20821.321) and 10 % acetic acid (Merck, 33209-M) was
prepared. The gel was fixed through two incubations with the fixing solution for 15
min per incubation. The fixing solution was removed from the gels through washing
twice in 10 % ethanol (VWR International, 20821.321) for 4 min per wash and then
twice in Molecular-Grade water (Merck, W4502) for 5 min per wash. The sensitizer
solution was prepared from 50 pl of the sensitizer working solution provided in the
Pierce Silver Stain Kit (Fisher Scientific, 24612) with 25 ml of Molecular-Grade water
(Merck, W4502). The gel was sensitised for 1 min using the prepared sensitizer
solution which was then removed through two wash steps with Molecular-Grade
water (Merck, W4502) for 1 min per wash. The stain working solution was prepared
from 0.5 ml Enhancer solution and 25 ml stain which were both provided within the
Pierce Silver Stain Kit (Fisher Scientific, 24612). The stain solution was added to the
gel for 30 min to stain the gel. The developer working solution was prepared using
0.5 ml enhancer solution and 25 ml of developer solution, both solutions were

provided within the Pierce Silver Stain Kit (Fisher Scientific, 24612). The gel was
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washed twice in Molecular-Grade water (Merck, W4502) for 20 sec per wash and
then the gel was developed for 2-3 min until the bands appeared. The stop solution
which contained 5 % acetic acid (Merck, 33209-M) in ultrapure water (Merck, W4502)
was added for 10 min to prevent the further exposure of the bands. Gels were imaged

using a digital camera.

2.23. Mass Spectrometry

The mass spectrometry analysis was carried out by the Proteomic Department at the
University of Bristol, following the provided protocol detailed below. The below

protocol was written by Kate Heesom, University of Bristol.

2.23.1. TMT Labeling and High pH ReversedPhase

Chromatography

Immunoprecipitated samples generated following the protocol in Section 2.21.1 were
reduced through incubation with 10 mM Tris(2-carboxyethyl) phosphine
hydrochloride (TCEP) for 1 h at 55 °C. The beads were then alkylated using 18.75
mM iodoacetamide at room temperature for 30min. The peptides were digested from

the beads through overnight incubation with trypsin at 37 °C.

Digested peptides were then labelled with Tandem Mass Tag (TMTpro) sixteen plex
reagents according to the manufacturerds protoc
labelled samples were pooled and desalted using a SepPak cartridge according to
t he manufacturerdéds instructions (Water s, Mi | for c
cartridge were evaporated to dryness and resuspended in Buffer A (20 mM
ammonium hydroxide, pH 10) prior to fractionation by high pH reversed-phase
chromatography using an Ultimate 3000 liquid chromatography system (Thermo
Scientific). Each of the samples were loaded onto an XBridge BEH C18 Column

(130A, 3.5 um, 2.1 mm X 150 mm, Waters, UK) in buffer A and peptides were eluted
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with an increasing gradient of buffer B (20 mM Ammonium Hydroxide in acetonitrile,
pH 10) from 0-95 % over 60 min. The resulting fractions (6 in total) were evaporated
to dryness and resuspended in 1 % formic acid prior to analysis by nano-LC MSMS

using an Orbitrap Fusion Lumos mass spectrometer (Thermo Scientific).

2.23.2. Nano-LC Mass Spectrometry

High pH RP fractions were further fractionated using an Ultimate 3000 nano-LC
system in line with an Orbitrap Fusion Lumos mass spectrometer (Thermo Scientific).
Peptides in 1 % (vol/vol) formic acid were injected onto an Acclaim PepMap C18
nano-trap column (Thermo Scientific). After washing with 0.5 % (vol/vol) acetonitrile
0.1 % (vol/vol) formic acid peptides

PepMap C18 reverse phase analytical column (Thermo Scientific) over a 150 min
organic gradient, using 7 gradient segments (1-6 % solvent B over 1 min., 6-15 % B
over 58min., 15-32 % B over 58 min., 32-40 % B over 5 min., 40-90 % B over 1 min.,
held at 90 % B for 6 min and then reduced to 1 % B over 1 min.) with a flow rate of
300 nl mini 1. Solvent A was 0.1 % fo
acetonitrile in 0.1 % formic acid. Peptides were ionized by nano-electrospray
ionization at 2.0 kV using a stainless-steel emitterwithani nt er nal di a

(Thermo Scientific) and a capillary temperature of 300 °C.

All spectra were acquired using an Orbitrap Fusion Lumos mass spectrometer
controlled by Xcalibur 3.0 software (Thermo Scientific) and operated in data-
dependent acquisition mode using an SPS-MS3 workflow. FTMS1 spectra were
collected at a resolution of 120 000, with an automatic gain control (AGC) target of
200 000 and a max injection time of 50 ms. Precursors were filtered with an intensity
threshold of 5000, according to charge state (to include charge states 2-7) and with
monoisotopic peak determination set to Peptide. Previously interrogated precursors
were excluded using a dynamic window (60s +/-10 ppm). The MS2 precursors were

isolated with a quadrupole isolation window of 0.7 m/z. ITMS2 spectra were collected
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with an AGC target of 10 000, max injection time of 70 ms and CID collision energy

of 35 %.

For FTMS3 analysis, the Orbitrap was operated at 50,000 resolution with an AGC
target of 50 000 and a max injection time of 105 ms. Precursors were fragmented by
high energy collision dissociation (HCD) at a normalised collision energy of 60 % to
ensure maximal TMT reporter ion yield. Synchronous Precursor Selection (SPS) was

enabled to include up to 10 MS2 fragment ions in the FTMS3 scan.

2.23.3. Data Analysis

The raw data files were processed and quantified using Proteome Discoverer
software v2.4 (Thermo Scientific) and searched against the UniProt Gallus gallus
database (downloaded February 2022: 34751 entries) and a list of the IBV proteins
using the SEQUEST HT algorithm. Peptide precursor mass tolerance was set at 10
ppm, and MS/MS tolerance was set at 0.6 Da. Search criteria included oxidation of
methionine (+15.995 Da), acetylation of the protein N-terminus (+42.011 Da) and
Methionine loss plus acetylation of the protein N-terminus (-89.03 Da) as variable
modifications and carbamidomethylation of cysteine (+57.0214) and the addition of
the TMTpro mass tag (+304.207) to peptide N-termini and lysine as fixed
modifications. Searches were performed with full tryptic digestion and a maximum of
2 missed cleavages were allowed. The reverse database search option was enabled,

and all data was filtered to satisfy false discovery rate (FDR) of 5 %.

Data analysis was carried out using the Perseus software and figures were generated

using Cytoscape Software.

2.24. Pathogenicity Trialin Vivo

To assess whether M41K-T16A-2.6 was pathogenic within 8-day old SPF RIR

chickens, 15 chickens were randomly assigned (indiscriminate of sex) to each group.
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Groups B and D were assigned to different viruses. The groups included were as

follows:

1 Group A: Mock infected with PBS
1 Group C: M41K-T16A-2.6 infected

1 Group E: M41-K infected

Birds were housed in raised floor pens, with effective enrichment and each group
housed in individual rooms. Husbandry was carried out by the Animal Services
department at The Pirbright Institute. An overview of the experiment timeline is

detailed in Chapter 6, Figure 6.5.

2.24.1. Serum Collection from Chickens

Serum was collected via wing prick from birds one day prior to inoculation. During
post-mortem (P-M), blood was collected from each bird. Serum was collected from
birds at 14 days post infection (dpi). To obtain the serum, blood was allowed to clot
through storage at 4 °C for 1 h. Centrifugation at 270 x g for 5 minutes was utilised to
clarify the red blood cells from the serum. Serum was transferred to a new tube and

stored at -20 °C.

2.24.2. Inoculation of Chickens

At seven days of age SPF RIR chickens were inoculated via the intraocular and
intranasal route with 0.1 ml of PBS (mock), M41-K or M41K-T16A-E-2.6 at a titre of

10* PFU. Virus was diluted in PBS.

2.24.3. Clinical Signs

Clinical signs were evaluated from 3-, 7- and 14-dpi by at least two individual
assessors. The clinical signs which were assessed included snicking, wheezing,

rales, watery eyes, and nasal discharge. To assess the amount of snicking, birds

149



were observed for 2 min and the number of snicks were counted by each person,

from which an average was calculated.

2.24.4. PostMortem (P-M) of Chickens

On days 4-, 6- and 14-dpi 5 birds were culled at random, and seven tissues were
extracted at P-M. These tissues include trachea, eyelid, beak, lung, bursa, spleen,
and kidney. Tissues were stored at -80 °C in either PBS or RNAlater (Life

Technologies, AM7021).

TOCs were generated from the trachea collected during the P-M and were sliced into
ten 1 mm rings. Three rings from the upper, four from the middle and three from the
lower section of the trachea were analysed using a light microscope to assess the

level of ciliary activity. The scoring system used was as described in Section 2.16.2.

The ten rings of trachea used for ciliary activity, eyelids and beak were homogenised
via six min at 27 Hz in 500 ¢l in PBS containing antibiotics (P/S, Fisher Scientific,
11548876) and fungicide (Nystatin, Merck, N1638). The total RNA was extracted
(Section 2.6) and viral presence was determined via RT-PCR and sequencing over

the E gene to ensure the correct sequence was present (Sections 2.7 and 2.8).
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Chapter 3: The Genetic Stability,
Replication Kinetics and
Cytopathogenicity of Recombinant
Avian Coronaviruses with a T16A or
an A26F Mutation within the E

Protein Is CeliType Dependent

3.1. Declaration

The results for this chapter consist of a research article (191). My contribution to this
article consisted of experimental planning, generation of experimental data as
detailed below, data analysis and preparation of the original manuscript. | also
submitted the research article and aided in
clarify my contribution in terms of data generation, | generated the rIBV BeauR-A26F
isolates using the reverse genetics system. The rIBV BeauR-T16A was generated
prior to the start date of this project by Sarah Keep and Jamie Stuart. | performed all
characterisation of the rIBVs, aside from the following exceptions. The NGS data was
obtained and analysed by Graham Freimanis and some of the gPCR reactions were

performed by Kieran Littolff. The resulting data from the qPCR was analysed by
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myself. Copyright information can be found in the Appendix (Appendix 8.1, Figure

8.1).

3.2. Introduction

The E protein of IBV has pleiotropic roles during IBV infection. Mutation at either the
T16A or A26F residues in the TMD has been shown to alter the function of the E
protein (84, 113, 142) and abolish IC activity (20, 152). To further characterise the
effect of these mutations in a range of cell systems, rIBVs were generated in a Beau-
R backbone which possess either a T16A or A26F mutation, denoted BeauR-T16A
and BeauR-A26F. The viruses were generated using a vaccinia virus based reverse
genetics system (24, 179, 180). The inserted sequences for the BeauR-T16A and

BeauR-A26F rIBVs can be found in Chapter 8, Section 8.2, Figures 8.3 and 8.5.

Four isolates were rescued for BeauR-T16A and three isolates were rescued for
BeauR-A26F. Post-rescue, these viruses were coded with two numbers representing
the rVV stock and rescue attempt. In the research article included as the results
section of this chapter, these names were altered for clarity. There are four isolates
of BeauR-T16A, 3.4 (1), 3.6 (2), 4.7 and 4.9 (3). BeauR-T16A-4.7 was not included
in the publication as there was no available NGS data to confirm that there were no
mutations present in other regions of the genome. There are three BeauR-A26F

isolates, 11.2 (1), 11.3 (2) and 12.3 (3).
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3.3. Results

The results section of this chapter is contained within the following research article:

Webb |, Keep S, Littolff K, Stuart J, Freimanis G, Britton P, Davidson AD, Maier HJ,
Bickerton E. The Genetic Stability, Replication Kinetics and Cytopathogenicity of
Recombinant Avian Coronaviruses with a T16A or an A26F Mutation within the E

Protein is Cell-Type Dependent. Viruses. 2022; 14(8):1784. doi: 10.3390/v1408178.
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Abstract: The envelope (E) protein of the avian coronavirus infectious bronchitis virus (IBV) is a
small-membrane protein present in two forms during infection: a monomer and a pentameric ion
channel. Each form has an independent role during replication; the monomer disrupts the secretory
pathway, and the pentamer facilitates virion production. The presence of a T1I6A or A26F mutation
within E exclusively generates the pentameric or monomeric form, respectively. We generated two
recombinant IBVs (rIBVs) based on the apathogenic molecular clone Beau-R, containing either a TI6A
or A26F mutation, denoted as BeauR-T16A and BeauR-A26F. The replication and genetic stability of
the rIBVs were assessed in several different cell types, including primary and continuous cells, ex
vivo tracheal organ cultures (TOCs) and in ovo. Different replication profiles were observed between
cell cultures of different origins. BeauR-A26F replicated to a lower level than Beau-R in Vero cells and
in ovo but not in DF1, primary chicken kidney (CK) cells or TOCs. Genetic stability and cytopathic
effects were found to differ depending on the cell system. The effect of the T16A and A26F mutations
appear to be cell-type dependent, which, therefore, highlights the importance of cell type in the
investigation of the IBV E protein.

Keywords: avian coronavirus; cell type; envelope protein; chicken; viroporin

1. Introduction

Coronaviruses (CoVs) are a highly diverse family of enveloped viruses with large
positive-sense single-stranded RNA genomes that belong to the order Nidovirales, suborder
Coronavirinae, family Coronaviridae, subfamily Orthocoronavirinae. Within the subfamily,
there are four genera, Alphacoronavirus, Betacoronavirus, Gammacoronavirus and Deltacoro-
navirus. In humans, the Alphacoronavirus human coronavirus (HCoV) 229E and related
coronaviruses are responsible for 18% of common cold cases [1]; however, infection with the
Betacoronaviruses severe acute respiratory syndrome CoV (SARS-CoV), severe acute respira-
tory syndrome CoV-2 (SARS-CoV-2) and Middle East respiratory syndrome coronavirus
(MERS-CoV) can lead to more serious respiratory disease that can result in mortality [2-4].
In animals, the Deltacoronavirus porcine deltacoronavirus (PDCoV), which was first identi-
fied in 2012 [5], causes enteric disease within pigs [6]. Infectious bronchitis virus (IBV) is
the prototype Gammacoronavirus and causes the highest direct disease costs to the poultry
industry within the UK and across the globe [7]. IBV infects the epithelial surfaces within
the trachea, oviduct and kidney of poultry and can cause clinical signs ranging from mild
respiratory signs, including snicking and tracheal rales, to severe kidney and oviduct
disease [8]. As a result, it reduces egg production and quality in layers, causes reduced
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weight gain in broilers and leaves chickens vulnerable to secondary bacterial infections
which may be fatal [9].

The IBV genome, similarly to all other CoVs, encodes four structural proteins: Spike
(S), Nucleocapsid (N), Membrane (M) and Envelope (E) [10]. The CoV E protein is a small
~12 kDa protein, present in low quantities in the viral envelope [11]. The IBV E protein is
present in two distinct forms during infection: monomeric and pentameric [12]. These two
separate forms are thought to have different roles during infection. The monomer interacts
with cellular proteins to alter the secretory pathway, and the pentamer forms an ion channel
(IC) in planar lipid bilayers with low or poor selectivity [13]; viral proteins, which act as
ICs, are described as viroporins. Prior studies have proposed roles for CoV E proteins in
assembly [12,14,15], viral release [16-18] and pathogenesis [19-21]. CoVs assemble and
bud intracellularly at the ER-Golgi intermediate compartment (ERGIC), and it has been
reported during IBV infection that the majority of E remains localised in the membranes of
the Golgi complexes [22]. Research suggests that both M and E proteins of IBV are required
for viral budding and the formation of the viral envelope, as both E and M are reported
to be necessary for the formation of virus-like particles (VLPs) [23]. Additionally, the E
protein is thought to facilitate scission, as mutations introduced into the E protein of the
Betacoronavirus mouse hepatitis virus (MHV) resulted in elongated virions [14]. The role of
the E protein in pathogenesis is thought to be facilitated by the C-terminal domain, which
has been shown in SARS-CoV to cause the overexpression of inflammatory cytokines [21].

The first discovered viroporin was found within the encephalomyocarditis (EMC)
virus, as it was able to induce membrane permeability within infected cells [24], an ac-
tivity identified for the SARS-CoV E protein [25]. Mutations generated either at residue
N15 or V25 within the transmembrane domain of the SARS-CoV E protein abolish IC
activity [26]. Mutation of equivalent residues in IBV, T16 and A26 reportedly caused the
same effect [16], and the effect of these mutations has been predominantly characterised
within continuous cell lines that are not relevant to IBV natural infection. The V25 residue
of the SARS-CoV E protein is located between the monomer-monomer interface of the
E homo-pentamer [20]. Mutation of the corresponding A26 residue in the IBV E protein
prevents homodimerisation [12], this residue is required for the formation of VLPs [12]. The
T16 residue forms the monomeric IBV E protein [12], a TI6A mutation at this residue has
been shown to prevent the disassembly of the Golgi [12,27] and cause premature cleavage
of the S protein [28]. A separate study, however, proposed that it is the T16 residue and
not A26 which is essential for homodimerisation [16]. Regardless, recombinant SARS-CoV
containing the N15A mutation resulted in reduced clinical signs in mice, indicating that the
E protein is a virulence factor and a target for vaccine development [20].

In this study, we characterised the effect of the two mutations, T16A and A26F, on
the replication of IBV in cell systems relevant to IBV natural infection, including primary
chicken kidney (CK) cells and ex vivo tracheal organ cultures, with the aim of determining
whether the T16 and A26 residues were vital for IBV replication. Using a vaccinia virus-
based reverse genetics system [29], we generated recombinant IBVs (rIBVs) based on the
apathogenic molecular clone, Beau-R, that contained either the mutation T16A or A26F
within the E protein. The replication of the rIBVs was assessed in continuous cell lines
Vero and DF1, primary CK cells, and in ovo and in ex vivo tracheal organ cultures (TOCs).
Different replication profiles were observed between cell cultures of different origins. The
genetic stability of the mutations was also assessed in CK cells and in ovo and was also
found to differ depending on the cell system. This report furthers previous research and
the current understanding of E protein in IBV replication through the characterisation of
the rIBVs in relevant cell systems to IBV natural infection and highlights the cell-dependent
effect of the T16A and A26F mutations.
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2. Materials and Methods
2.1. Cells and Viruses

All cells were provided by the Central Services Unit at the Pirbright Institute. The cell
cultures were maintained within incubators set at 37 °C with 5% carbon dioxide (CO,).
Primary CK cells were extracted from 2-3 week old specific pathogen-free (SPF) Rhode
Island Red (RIR) chickens following a previously described protocol [30]. DF1 cells are
a continuous avian cell line of chicken embryo fibroblasts derived from 10-day-old East
Lansing eggs [31]. Vero cells are a continuous cell line derived from kidney epithelial
cells of the African green monkey. Embryonated VALO hens’ eggs were sourced from
VALO BioMedia GmbH. TOCs were generated from trachea extracted from 19-day-old SPF
embryos using a method previously described [32].

The rIBV Beau-R has been described previously [29]. Beau-R is a molecular clone of the
non-pathogenic IBV strain Beau-CK (GenBank Accession number AJ311317). Beau-R was
propagated in 10-day-old SPF embryonated hens’ eggs, and allantoic fluid was harvested
24 hours (h) post infection (hpi) and clarified using low-speed centrifugation. All genome
positions are in relation to GenBank accession number AJ311317.

2.2. Construction of rIBVs Containing the T16A and A26F Mutations

Two individual point mutations were generated within rIBV Beau-R using an estab-
lished vaccinia-virus-based reverse genetics system [29,33]. The T16A mutation was created
via a single nucleotide mutation A24246G and A26F was generated through three-point
mutations from 24276 to 24278, changing the nucleotide sequence from GCA to TTT. These
mutations are identical to those generated within a Beaudette backbone, which were de-
scribed as IC inactive, but the conductivity data was not shown [16]. Three isolates, denoted
as 1,2 or 3, of each rIBV were successfully rescued and were passaged in primary CK cells.
Viral stocks were propagated within primary CK cells with the supernatant harvested at
24 hpi.

2.3. Full Genome Sequencing of Viral Stocks

BeauR-T16A and BeauR-A26F, 4 mL of each isolate, were concentrated using a 30%
sucrose cushion and ultracentrifugation for 1 h at 223,600 x g—as described [34]. RNA was
extracted from the resulting pellet using a Qiagen RNeasy mini kit following the manufac-
turer’s protocol. The RNA concentration was quantified using the Qubit fluorometer RNA
Assay HS kit. Next Generation Sequencing (NGS) was carried out by the Sequencing Unit
at The Pirbright Institute, following a method detailed previously [35].

2.4. Titration of IBV via Plaque Assay and Quantification of Plaque Size

Plaque assays were carried out using CK cells as previously described [36]. All samples
were titrated in triplicate. Plaque sizes were measured from ten plaques per biological
repeat using NIH Image] software [37], totalling 30 plaques per virus.

2.5. Assessment of Viral Release

CK or Vero cells were seeded into 6-well plates to confluency. Cells were infected with
500 uL of Beau-R, BeauR-T16A or BeauR-A26F isolates at a titre of 1 x 10* plaque forming
units (PFU) and incubated for 1 h at 37 °C with 5% CO,. After incubation, the inoculum
was removed, and the cells were washed twice with PBS, followed by the addition of 3 mL
of N, N-bis [2-hydroxethy1]-2-aminoethanesulfonic acid (BES) media [33]. At 24 hpi, the
supernatant was removed from the cells and stored at —80 °C. The plates were washed
once with PBS, and 1 mL of BES media was added to the cells before the plates were
freeze-thawed to release the virus (cell lysate). The quantity of infectious progeny in both
the harvested supernatant and cell lysate was determined in triplicate via plaque assay in
CK cells.
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2.6. Viral Replication Kinetics Assessment In Vitro

Confluent CK, DF1 or Vero cells, seeded in 6-well plates were infected with 500 uL of
Beau-R, BeauR-T16A or BeauR-A26F isolates at a titre of either 1 x 10% or 1 x 10° PFU and
incubated at 37 °C for 1 h with 5% CO,. The virus was removed, and the cells were washed
twice with PBS followed by the addition of 3 mL BES media. The supernatant containing the
infectious progeny was harvested at either 1, 24, 48, 72 and 96 hpi, to establish replication
over multiple rounds of viral replication, orat1, 2,4, 6, 8, 10 and 11 hpi, to assess replication
over the first round of viral replication. The quantity of infectious progeny was quantified
in triplicate via plaque assay in CK cells.

2.7. Ciliary Activity Assessment in Ex Vivo TOCs

TOCs, singly plated in glass tubes, were washed twice with PBS. In replicates of ten,
each TOC was inoculated with 500 pL TOC infection medium [30], containing 1 x 10* PFU
of Beau-R, BeauR-T16A or BeauR-A26F isolates. Mock infected TOCs were inoculated
with 500 pL TOC medium. Tubes were incubated upright for 1 h at 37 °C, after which the
inoculum was removed and the TOCs washed twice with PBS. 1ml of TOC infection media
was added per tube, and the TOCs were incubated at 37 °C, 1 revolution per 7 min. The
ciliary activity of each TOC was assessed at 24 h intervals using a light microscope, and the
percentage of cilia beating was calculated as described [38,39].

2.8. Viral Replication Kinetics Assessment in Ex Vivo TOCs

Six TOCs were plated per glass tube and were washed twice in PBS. Each tube was
inoculated with 500 pL TOC infection medium containing 1 x 10 PFU of Beau-R, BeauR-
T16A-1, or BeauR-A26F-3. Tubes were incubated upright for 1 h at 37 °C after which the
inoculum was removed and the TOCs washed twice with PBS. 1 mL of TOC infection
media was added per tube, and the TOCs were incubated at 37 °C, 1 revolution per 7 min.
The supernatant from each tube was harvested at 1, 24, 48, 72 and 96 hpi, and the quantity
of infectious progeny was quantified in triplicate via plaque assay in CK cells.

2.9. Virus Replication Kinetics In Ovo

A protocol for propagation of IBV in eggs has been described [40]. In replicates of three,
10-day-old SPF embryonated hens’ eggs were inoculated via the allantoic cavity with either
1 x 10* or 1 x 10° PFU of either Beau-R, BeauR-T16A or BeauR-A26F isolates. After 24 h,
embryos were culled by refrigeration for a minimum of 4 h, and the allantoic fluid from
each egg was harvested. The allantoic fluid was clarified using low-speed centrifugation.
The quantity of infectious progeny was determined via plaque assay in triplicate in CK
cells. The sequence of the E gene was determined as described in Section 2.11.

2.10. Serial Passaging of rIBV's in CK Cells

Confluent CK cells seeded into 6-well plates were washed once with PBS. In replicates
of four, 500 uL of BES medium containing neat rIBV was added per well and incubated for
1 hat 37 °C. The inoculum was removed and replaced with 3 mL BES media and incubated
for a further 23 h. The supernatant was harvested and diluted 1 in 10 for subsequent
inoculation of the CK cells. The E gene of the resulting passaged isolates was Sanger
sequenced at passage 5, 10 and 15 as described in Section 2.11.

2.11. Sequencing the E Gene

RNA was extracted from either the cell supernatant or allantoic fluid using the Qiagen
RNeasy kit following the manufacturer’s protocol for RNA clean up. RNA was reverse tran-
scribed using random primer, 5 GTTTCCCAGTCACGATCNNNNNNNNNNNNNNN 3/
and a SuperScript IV reverse transcription kit following the manufacturer’s protocol (Life
Technologies). The E gene was amplified using recombinant Taq Polymerase (Life Tech-
nologies) using primers 5-GCTGAAGATTGTTCAGGTGA-3' and 5'-GCTGAACTGACT
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GTTCAAAG-3'. The PCR products were Sanger sequenced by Eurofins, and the resulting
sequencing data was analysed using the Staden Package 2.0.0b11.

2.12. Imaging of Cytopathic Effects (CPE)

CK cells seeded into 6-well plates were inoculated with 1 x 10° PFU of Beau-R, BeauR-
T16A or BeauR-A26F isolates or mock infected with BES media. At 24 hpi, the inoculated
CK cells were imaged with an AMG EVOS™ XL Core microscope.

2.13. Cell Viability Assay

Cells were seeded to confluency in 96-well plates and washed once with PBS prior
to inoculation with a two-fold serial dilution, in BES medium, of Beau-R, BeauR-T16A or
BeauR-A26F isolates starting at 1 x 10° PFU. Mock infected cells were inoculated with the
BES medium. At 24 h intervals, the viability of the cells was assessed using the luciferase
assay CellTiter-Glo® kit (Promega), which measures the quantity of ATP present to quantify
the number of viable cells following the manufacturer’s instructions, detailed in [41]. The
percentage of cell viability determined by the level of luminescence was calculated in
comparison to the mock infected cells.

2.14. Assessment of Innate Immune Response by Real Time Quantitative PCR (qRT-PCR)

CK cells were seeded to confluency in 6-well plates and were washed once with PBS.
Cells were mock infected with BES media or inoculated with 500 pL of Beau-R, BeauR-T16A
or BeauR-A26F isolates at a titre of 1 x 10° PFU in BES medium. At 6 and 24 hpi, the cells
were harvested, and RNA extracted using the Qiagen RNeasy kit including an on-column
DNAse treatment, following the manufacturer’s (Qiagen) instructions. Reverse transcrip-
tion was carried out using 1.25 ug of total RNA using Superscript IV reverse transcription
kit according to the manufacturer’s protocol using random primer (5 GTTTCCCAGTCAC-
GATCNNNNNNNNNNNNNNN 3'). The resulting cDNA was diluted to ensure 100 pg
was added per qRT-PCR reaction. TagMan qPCR reagents were used to perform qPCR,
using either TagMan ® Fast Advance Master Mix or TagMan ® Multiplex Mastermix (Life
Technologies). Primers were used at 10 uM, and hydrolysis probes were diluted to 5 uM.
A GeNorm was carried out and Beta-Actin was selected as an endogenous control; this
control has been used in CK cells previously [42]. Sequences for the primers and probes
used are listed in Table 1. The qPCR reaction was run on a 7500 Fast Real-Time System
following the cycle: 95 °C for 20 s and 40 cycles of 95 °C for 1 s at 60 °C for 20 s.

Table 1. Sequences of primers and probes used within qPCR.

Gene Sequence (5’ to 3/)
E gene Forward GGTAGAGCACTTCAAGCATTT
Reverse CCGGATTGTTAAGTTTTCTACC
Probe CCAGGAGCTAAGGGTACAGCCT
B-Actin Forward GCATACAGATCCTTACGGATATCCA
Reverse CAGGTCATCACCATTGGCAAT
Probe CACAGGACTCCATACCCAAGAAAGATGGC
IL-6 Forward GCTCGCCGGCTTCGA
Reverse GGTAGGTCTGAAAGGCGAACAG
Probe AGGAGAAATGCCTGACGAAGCTCTCCA
IL-1B Forward GCTCTACATGTCGTGTGTGATGAG
Reverse TGTCGATGTCCCGCATGA
Probe CCACACTGCAGCTGGAGGAAGCC
IFN-A Forward GACAGCCAACGCCAAAGC
Reverse GTCGCTGCTGTCCAAGCATT
Probe CTCAACCGGATCCACCGCTACACC
IFN-B Forward CCTCCAACACCTCTTCAACATG
Reverse TGGCGTGTGCGGTCAAT
Probe TTAGCAGCCCACACACTCCAAAACACTG
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