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Genomics and pathogenesis of the avian coronavirus infectious

bronchitis virus

JA Quinteros,*" @ AH Noormohammadi,® @ SW Lee,<

Infectious bronchitis virus (IBV) is a member of the family
Coronaviridae, together with viruses such as SARS-CoV, MERS-CoV
and SARS-CoV-2 (the causative agent of the COVID-19 global pan-
demic). In this family of viruses, interspecies transmission has
been reported, so understanding their pathobiology could lead to
a better understanding of the emergence of new serotypes. IBV
possesses a single-stranded, non-segmented RNA genome about
27.6 kb in length that encodes several non-structural and struc-
tural proteins. Most functions of these proteins have been con-
firmed in IBV, but some other proposed functions have been
based on research conducted on other members of the family
Coronaviridae. 1BV has variable tissue tropism depending on the
strain, and can affect the respiratory, reproductive, or urinary
tracts; however, IBV can also replicate in other organs. Addition-
ally, the pathogenicity of IBV is also variable, with some strains
causing only mild clinical signs, while infection with others results
in high mortality rates in chickens. This paper extensively and
comprehensibly reviews general aspects of coronaviruses and,
more specifically, IBV, with emphasis on protein functions and
pathogenesis. The pathogenicity of the Australian strains of IBV is
also reviewed, describing the variability between the different
groups of strains, from the classical to the novel and recombinant
strains. Reverse genetic systems, cloning and cell culture growth
techniques applicable to IBV are also reviewed.
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he natural hosts of many infectious viruses are domestic and
wild animals, some of which are able to cross the species
barrier and cause disease in humans. Some well recognised
examples include the emergence of human immunodeficiency virus
(HIV) at the beginning of the 1980s," > Nipah® and Hendra viruses®
> during the 1990s, and the recent outbreaks of Ebolavirus.® Each of
these viruses has caused considerable loss of human life, and also
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required significant commitment of resources for the development of
more effective treatments, vaccines and methods for prevention.
Cases of inter-species transmission have also been reported among
members of the family Coronaviridae. These include the emergence
of the severe acute respiratory syndrome coronavirus (SARS-CoV) at
the beginning of the 2000s,” ® the Middle Eastern respiratory syn-
drome coronavirus (MERS-CoV) in 2012,°"'! and, more recently,
SARS-CoV-2, the causative agent of the coronavirus pandemic in
2019, known as COVID-19.!2 SARS-CoV, MERS-CoV (Figures 1
and 2) and SARS-CoV-2 belong to the genus Betacoronavirus.*

The emergence of SARS-CoV appears to have resulted from the
transmission of the virus from its natural host, the bat.!® Initially,
the virus was also isolated from palm civets (Paguma larvata),'®
which led to large-scale culling of these animals to control the dis-
semination of the disease. However, further evidence demonstrated
that the civets were not involved in transmission or dissemination of
the virus. The virus was subsequently detected in the respiratory
tract and faeces of three different species of bats belonging to the
genus Miniopterus, especially from M. pusillus.'” In the case of
MERS-CoV, a very close relative of the virus has been detected in
bats in South Africa.!® Nevertheless, it seems very unlikely that this
virus could have crossed the inter-species barrier from bats to
humans, because of the extremely low rate of contact between these
insectivorous bats and humans. It appears more likely that an inter-
mediate host was involved.'® More recent studies have suggested that
the intermediate host responsible for the dissemination of MERS-
CoV could have been the dromedary (Camelus dromedarius),
because antibodies against MERS-CoV have been detected in serum
samples from these animals.”” *' In the case of SARS-CoV-2, pango-
lins appear to be the most probable intermediate host.>> A whole-
genome sequencing study of SARS-CoV-2 revealed that a coronavi-
rus isolated from Malayan pangolins (Manis javanica) in 2019>
shared 91.02% nucleotide identity with SARS-CoV-2 at whole-
genome level and five key amino acids in the receptor-binding
domain of the S1 glycoprotein.**

The family Coronaviridae

Members of the family Coronaviridae cause disease in a very wide
range of animal species, including humans. Coronaviruses were first
described in the 1930s, with the discovery24 and isolation®® of infec-
tious bronchitis virus (IBV) in chickens. In the 1940s, a new corona-
virus disease, transmissible gastroenteritis, was described in pigs.
Under experimental conditions, the disease caused mortality in naive
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piglets placed in contact with piglets inoculated with triturated gas-
trointestinal (GI) tracts of sick pigs (proving its transmissibility).
Piglets could also be infected with triturated GI tracts after filtration
to eliminate involvement of bacteria. Cross-species infection was
attempted in this study, by feeding a calf with the triturated GI tract
of an affected pig. While the calf did not show any clinical signs, pig-
lets administered the same material promptly developed disease.”®
However, it was not until 1970 that the causative agent of transmissi-
ble gastroenteritis was identified as a coronavirus, after morphologi-
cal analysis using electron microscopy was performed.”’ Murine
encephalomyelitis virus, which causes demyelination in affected
mice, rats and hamsters, was also studied about the same time.
Attempts to isolate a bacterial agent were unsuccessful, and bacteria
were not observed in tissue sections or direct smears. The agent
remained infective after filtration, but did not produce any inclusion
bodies and attempts to propagate it in cell cultures or embryonated
eggs were unsuccessful. Even though it was not possible to clearly
classify this virus, it was concluded that it did not belong to the
mouse encephalomyelitis group (i.e., Theiler’s virus), as it could not
be propagated in embryonated eggs and did not produce myositis in
infected animals.® Additionally, this virus did not resemble the virus
causing lymphocytic choriomeningitis either. Herpesviruses were
ruled out as well, due to the absence of inclusion bodies in the tissues
affected, and the inability to propagate the agent in embryonated
eggs.”® It was not until the 1960s that coronaviruses were further
characterised. In 1967, a virus isolated from cases of common cold
in humans was passaged intracranially in mice and it found to be
distinct from MHV and another human virus, 229E, which had been
recognised as a human coronavirus.*> *° All these human isolates
were described as “IBV-like” viruses. IBV and human coronavirus
strain 229E were grouped together in 1967, and murine encephalo-
myelitis virus was described as a new member of the family in
1969.>" A wide range of coronaviruses have been found to be causes of
clinical disease in humans® ** and a wide range of animal species,
including chickens,* 2> 3373% mice,>® pigs,37 dogs, cats and wild ani-
mals, including bats, the Beluga whale®® and several small bird species
belonging to the order Passeriformes (Figures 1 and 2). The family
Coronaviridae is the largest of the order Nidovirales. Formerly, this fam-
ily was divided into two subfamilies, Coronavirinae and Torovirinae.
The subfamily Torovirinae included viruses from cattle, pigs and horses
(toroviuses) and the only member known to infect fish (Bafinivirus),”
while the subfamily Coronavirinae was divided into the genera Alpha,
Beta, Gamma and Deltacoronavirus. However, the classification of the
viruses belonging to the order Nidovirales was recently changed. The
order is now divided suborders, Abnidovirineae,
Arnidovirineae, Mesnidovirineae, Monidovirineae, Ronidovirineae,
Tornidovirineae and Cornidovirineae. The suborder Cornidovirineae
includes only one family, Coronavidae, which is divided into two sub-
families, The subfamily
Orthocoronavinae is then divided into four genera, Alphacoronavirus,
Betacoronavirus, Gammacoronavirus and Deltacoronavirus. Two
new subgenuses were created, Cegacovirus and Igacovirus. The sub-
genus Cegacovirus only includes the Beluga whale coronavirus SW1,
while the Igacoronavirus subgenus includes the avian cor-
onaviruses'” (Figures 1 and 2). Based on molecular clock analyses, it
has been estimated that the most recent common ancestor of all cor-
onaviruses was present approximately 8,100 years B.C. The most
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Letovirinae and  Orthocoronavirinae.
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recent common ancestors for each individual coronavirus group were
estimated at 2,400 years B.C. for alphacoronaviruses, 3,300 years
B.C. for betacoronaviruses, 2,800 years B.C. for gammacorona-
viruses and 3,000 years B.C. for deltacoronaviruses. It has also been
proposed that bats and birds are ideal natural reservoirs of cor-
onaviruses, and that bats are the natural source for alpha- and
betacoronaviruses, while wild birds are the natural reservoir of
gamma- and deltacoronaviruses.*’

Alphacoronavirus

This genus includes viruses affecting humans (such as the human
coronaviruses 229E and NL63), bats (Rhinolophus, Scotophilus
and Miniopterus bat coronaviruses) and pigs (such as porcine
epidemic diarrhoea virus® ** and transmissible gastroenteritis virus
(TGEV)).*! Based on molecular clock analyses, interspecies trans-
mission has been suggested to have occurred within this group,
between the fruit bat Leschenault’s rousettes (Rousettus leschenaulti)
and the insectivorous bat Pomona leaf-nosed bat (Hipposideros
pomona).**

Betacoronavirus

This genus comprises almost exclusively viruses affecting humans
(including SARS-CoV*® and SARS-CoV-2'*) and bats. However, it
also includes the murine coronavirus, murine hepatitis virus (MHV),
a member of the family that has been used as a model coronavirus.
In 1982, Collins, Knobler, Powell and Buchmeier** studied the role
of some of the proteins of the murine coronavirus strain JMH during
host infection using monoclonal antibodies. They found that glyco-
protein 1 or GP-1 (the protein currently referred as the S glycopro-
tein) conferred the attachment and membrane fusion activities of the
virus. It is now known that these activities are conferred by the S1
(attachment) and S2 (membrane fusion) regions of the protein,
respectively, a characteristic shared by the other members of the
family. MHV was also the model used to determine that the E1 enve-
lope protein was glycosylated by O-linked glycosylation of serine
and threonine residues, and not by conjugating core oligosaccharides
from dolichol pyrophosphate intermediates to asparagine residues.*’
This feature was also observed in IBV, and thus proposed to be a
characteristic of all members of the family Coronaviridae, and could
play an essential role during viral replication.® As with
alphacoronaviruses, the natural reservoirs of members of this genus
are the bats.*’ The genus is subdivided into four subgroups, 2a, 2b,
2c and 2d."

Gammacoronavirus

These viruses were formerly known as avian coronaviruses. How-
ever, this classification recently changed after the revision of the tax-
onomy of the coronaviruses, including reorganisation of the entire
order Nidovirales."> This recent update separated the avian cor-
onaviruses, now referred as the subgenus Igacovirus, from the beluga
whale which now belongs to the subgenus
Cegacovirus. However, there are some avian coronaviruses that are
not members of the subgenus Igacovirus. These coronaviruses have
been isolated from wild birds in the order Passeriformes, and have
been classified into another genus, Deltacoronavirus.

coronavirus,®
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Taxonomy of the members of the
order Nidovirales, as recently approved by
the international Committee on the Taxon-
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cation of the complete order, while on the
right the classification of the suborder
Cornidovirineae. The blue arrow depicts the
position of IBV. Adapted from Siddell et al."®
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Igacovirus. The best-studied members of this subgenus are IBV,
turkey coronavirus (TCoV) and pheasant coronavirus (PhCoV). IBV
was first detected in 1931°* in chickens with respiratory disease. The
clinical manifestations of the disease caused by IBV now include
respiratory signs, such as coughing and tracheal réles, as well as signs
reflecting disease in the reproductive, urinary and, in some cases,
digestive system, depending on the strain involved. TCoV can cause
disease in gallinaceous birds of the species Meleagris gallopavo, and
has been linked to transmissible enteritis of turkeys, or Bluecomb
disease. Coronavirus-like particles have been detected in samples
from birds with Bluecomb disease using electron microscopy,*® *°
providing evidence of the association between this disease and
TCoV. TCoV has also been associated with poult enteritis and mor-
tality syndrome (PEMS). The TCoVs that cause Bluecomb disease
and PEMS are antigenically related, as demonstrated by immunoflu-
orescence and immunoperoxidase staining of tissue samples from
affected birds.™

Deltacoronavirus

The genus Deltacoronavirus was recently created and includes
viruses infecting birds in the order Passeriformes, including munias,
thrushes and bulbuls. It has been suggested that other coronaviruses
could be assigned to this group, including a porcine coronavirus
(PorCoV HKU15), and coronaviruses infecting white-eyes, sparrows,
magpie robins, night herons, wigeons and common moorhens. These
wild bird coronaviruses are very distinct from IBV and TCoV, with
overall 3-chymotrypsin-like protease (3CL-pro), RNA-dependent
RNA polymerase (RdRp), helicase (Hel), spike (S) and nucleoprotein
(N) amino acid sequence similarities below 56.6 and 57.1%,
respectively.*’

Infectious bronchitis virus

General aspects of IBY

Infectious bronchitis (IB) is a contagious disease caused by IBV that
affects birds belonging to the species Gallus gallus. IBV causes signif-
icant economic losses in poultry industries around the globe. It was
formerly thought that chickens were the only host of IBV, but it is

nsp5 nsp6 nsp7 nsps8 nsp9 § nsp10

10,000 12,500

nsp2 nsp3 nsp4

nsp12

now apparent that it can infect other avian species, although only
chickens appear to develop disease.”’ IBV was first identified in
North Dakota, USA, by Schalk and Hawn,** isolated in embryonated
chicken eggs and named infectious bronchitis virus by Beaudette and
Hudson.”® In Australia, it was initially called uraemia virus, but later
recognised as being the same aetiological agent as that causing infec-
tious bronchitis in the USA.>> *

Virus morphology

Avian coronaviruses (IBV and TCoV) are pleomorphic enveloped
viruses, but are predominantly round in shape. Their main feature is
the presence of club-shaped projections, or peplomers, on their sur-
face, which gives these viruses the appearance of the corona of the
sun,> thus explaining the origin of the name of the family. The
envelope surrounds a helical nucleocapsid (which is unusual in
positive-stranded RNA viruses) that
genome.”*® The genomes of the avian coronaviruses are single-
stranded, positive-sense linear RNA molecules of about 27.6 kilo-
bases. They have a guanosine cap at the 5 end, and a polyadenine
(poly A) tail at the 3’ end.”” *® The genome is subdivided into two
main regions, the polymerase genes, and the structural and accessory
genes.

animal contains the

Polymerase genes. This region comprises two-thirds of the genome
(about 20 kb) and contains only two open-reading frames (ORFs),
la and lab (Figure 3), which are separated as a result of a minus
1 (—1) ribosomal frameshift.*> ® During the transcription process,
the ribosome changes the reading frame in response to the presence
of the heptanucleotide “slippery sequence” UUUAAAC,®" ®* which
is located upstream of a pseudoknot structure in the RNA.%> ¢ ¢
This ribosomal frameshift allows the ribosome to skip the stop
codon of the 1a ORF to translate both la and 1b open reading
frames as a single lab polyprotein, also known as pplab. These two
ORFs are translated into two large polyproteins ppla and pplab.
The polyproteins are post-translationally cleaved into smaller repli-
case peptides, or non-structural proteins (nsp) (Figure 3). In most
members of the family Coronaviridae these polyproteins are cleaved

into 16 smaller peptides, but Gammacoronavirus and

Sl

nsp13 ,nspl14

- AN
a2

saz [P s:

Diagram showing the position of the coding sequences (CDS, grey arrows) and the mature peptides (black arrows) in the IBV genome.
The numbers indicate the nucleotide position. The black dotted lines are used to magnify the annotations of the smaller peptides to increase clar-
ity. Nsp, non-structural protein. *, nsp 11. This genome arrangement is based on the nucleotide sequence of the Australian IBV vaccine strain VicS.
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Deltacoronavirus lack nspl and instead have a larger nsp2. Several
studies have identified or predicted the roles of a number of these
peptides.®® &

o Nspl is a replicase peptide absent in members of the genera
Gammacoronavirus (IBV) and Deltacoronavirus, but present in
members of the genera Alphacoronavirus and Betacoronavirus.** %
Although the deletion of this protein from mouse hepatitis virus did
not affect its ability to replicate in cell cultures, it caused its attenua-
tion in vivo, suggesting an important role in the pathogenicity of
the virus.*” It is hypothesised that nspl suppresses mRNA expres-
sion in the host.”” As this peptide is absent in gammacoronaviruses,
the inhibitory role of this protein (host shutoff) in IBV appears to
be replaced by a similar function contributed by the accessory pro-
tein 5b.%%

« Nsp2 has been associated with a proteinase activity and described
as a 3-chymotrypsin-like (3CLpro) protease in a variant of SARS-
CoV from Singapore.”” However, this 3CL activity has been asso-
ciated with nsp5 in HCoV229E, MHV, other SARS-CoVs and
IBV.*

« Nsp3 has a protease activity similar to that of papain and is thus
referred as papain-like protease or PLP. The nsp3 possesses the
proteolytic domain glycine—glycine (Gly-Gly).*> 7" 7> In the first
stages of infection, this protease is released by an autocatalytic or
in cis process, directed against two highly conserved domains
flanking the nsp3 region.”” It has been hypothesised that changes
in these flanking domains could interfere with this autocatalytic
release of nsp3.”* This peptide has also been found to have adeno-
sine diphosphate-ribose 1”-phosphatase activity, and transmem-
brane’' and putative Cys/His-rich metal-binding domains.>®

Genes nsp4 and nsp6 encode putative transmembrane domains.®®

These domains have been shown to participate in the autocatalytic

release of the 3CL protease (nsp5) in in vitro assays.75 This auto-

catalytic release of 3CLpro is an essential step during the initial
stages of replication.®® It has been speculated that changes in these
domains could alter the pathogenicity of IBV.”*

 Gene nsp5 encodes the main protease or 3-chymotrypsin-like pro-
tease (3CLpro), which post-translationally cleaves the IBV poly-
proteins.”> The 3CLpro is very similar to the 3C protease of
picornaviruses,’® as they share a similar P1—P1 substrate specific-
ity, which is determined in part by His residues. Because of these
similarities, the proteases of members of the Nidovirales are
referred as 3CL.>* 7' During the first stages of replication this pro-
tease is released by an autocatalytic process.®> 7> 7> 77 The cleav-
age motif for this protease is glutamine-serine, alanine, asparagine,
glycine (Gln-Ser, Ala, Asn, Gly).*> 7!

o Nsp7 appears to play a role in assisting Nsp8 in its primase activ-

ity, forming a supercomplex with it. In SARS-CoV, nsp7 has a rib-

bon shape, formed by a helical bundle of three a-helices, HBI,

HB2 and HB3.”® 7 Other studies using infectious clones of MHV

have demonstrated that nsp7, together with the nsps 8-10, are

essential for viral replication, as the deletion of any of them blocks

RNA replication and viral infection.*® A putative function of this

peptide has not yet been described in IBV.

Nsp8 in SARS-CoV has been associated with primase activity, which

is required for the correct function of the RNA-dependent RNA

polymerase (RdRp). Primases generate a primer, which is used by

the RNA-dependent RNA polymerase (nsp12) to initiate the forma-
tion of the nascent strand.®' This primase function has also been
described in and is shared by other positive-sense RNA viruses,
such as poliovirus.*” It has been shown that nsp8 can form a cylin-
drical hexadecameric supercomplex with nsp7. The shape of nsp8
resembles a “golf club” but has two markedly distinct conforma-
tions. Even though it has RdRp activity, this appears to be less effi-
cient than that of the primer-dependant nsp12-RdRp.”” #> ¢ The
hexadecameric structure has not been demonstrated for IBV and
the functions of this peptide have not been studied thus far.

o Nsp9 forms a homodimer that appears to have single-stranded
RNA binding activity in coronaviruses, including SARS-CoV®
and IBV.*® Specific amino acid substitutions can destabilise this
homodimer and abolish the transcription of mRNAs and the
recovery of infectious viral particles, demonstrating that the
homodimeric structure of this protein is essential for viral replica-
tion.*® The deletion of this protein has also been shown to block
MHYV replication.®

+ Nspl0 has been found to be associated with the functions of other
peptides, including nsp5 (3CLpro), nspl4 (ExoN) and nspl6 (2’-
O-MT).¥ The creation of an nspl0 temperature sensitive mutant
of MHYV altered the protease activity of nsp5.*® Additionally, it has
been shown that nsp10 enhances the exonuclease activity of nsp14
35-fold. Moreover, nspl0 contains a Cys/His-rich domain,®® and
the deletion of this protein from MHYV impairs viral replication.*

+ Nspi2is the RNA-dependent RNA polymerase (RARp),*> * which
is shared by all members of the family Coronaviridae.*> > °° The
sequence encoding this polymerase activity occupies two-thirds of
the nsp12 coding region. Even though the RdRp sequence is highly
conserved among most of the positive-sense RNA viruses, the
RdRp domain in coronaviruses is substantially different.*> °" *>
Previous studies have suggested that the nspl2 replicase activity
may require nsp5, nsp8 and nsp9 during replication.”® The poly-
merase of nspl2 is described as primer-dependent in SARS-CoV
and, as discussed above, the primase activity can be provided by
nsp8.51> %4

o Nspl3is the helicase. A single amino acid change (arginine to proline
at position 132) in this protein has been shown to eliminate infectivity
of IBV in Vero cells. This point mutation blocks transcription of the
sub-genomic RNAs (sgRNAs).” The protein has a putative Cys/His-
rich metal-binding domain at its N-terminus.”® °> *® The helicase
activity of nspl3 has been extensively studied in SARS-CoV, and it
belongs to the helicase superfamily 1 and has both DNA and RNA
duplex-unwinding activities.”® °” In SARS-CoV, this activity operates
in a 5'-to-3 direction. It has NTPase activity that uses any nucleotide
or deoxynucleotide. It is also involved in the formation of the 5" gua-
nosine cap on the genome.”® The helicase has been studied as a target
for compounds that could potentially inhibit the growth of cor-
onaviruses. Natural compounds, such as myricetin and scutellarein,
can strongly inhibit the NTPase activity of the SARS-CoV helicase,
but do not stop its helicase activity.”® Another compound referred as
SSYA10-001 was able to inhibit the helicase activity of SARS,”” MHV
and MERS coronaviruses.'*’

o Nspl4 has 3-to-5 exoribonuclease (ExoN) activity, functioning as a
proof-reading mechanism, and guanine-N7-methyltransferase (N7-
MTase) activity. Both functions are physically linked and are essential
for replication of members of the family Coronaviridae.®® ¥ '°' The
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exoribonuclease belongs to the DEDD superfamily, as it possesses the
conserved amino acid residues Asp-Glu-Asp-Asp, which are found
in the IBV nspl4 at positions 89, 91, 241 and 271.% Nspl4 has
three conserved motifs, referred as motifs I, IT and III. Studies con-
ducted with SARS-CoV have demonstrated that changes in motif I
impair the fidelity of replication of the virus, increasing the fre-
quency of mutations in progeny viruses after a few passages in cell
cultures.'®® Nsp14 has also been linked in MHV coronavirus to
the capacity of the virus to evade the innate immune response in
the host during replication, as tested in cell culture experiments
using an nsp14-defective MHV.'*
Nspl5 is predicted to be a poly(U)-specific endoribonuclease that
initiates a cascade of poorly-characterised reactions that may
involve the nspl4 exonuclease, leading to the production of
mature Ul6 and U86 small nucleolar RNAs (snoRNAs), which
may be utilised in diverse rRNA processing events.®® It has also
been suggested that nspl5 in IBV could play a role assisting the
virus to evade the host immune system, inducing host cell shutoff
and thus limiting the production of interferon.®® This shutoff of
the host immune system has also been described in other members
of the family Coronaviridae, but is effected by nsp1'®* instead.

« Nspl6 is predicted to be a ribose 2’-O-methyltransferase® that
assists in the methylation of rRNAs.** This 2’-O-methyltransferase
activity methylates the 5’ cap of the mRNA, leading to the recogni-
tion of the viral RNA as a host mRNA. Additionally, nsp16 has
been shown to interfere with the production of type I inter-
feron.'"®
The processing of the polyproteins is catalysed by the main and
the accessory proteases. The crystallographic structure of the
3CLpro has been determined for human coronavirus strain 229E
and TGEV, and it seems to be highly conserved among the rest of
the members of the family Coronaviridae. The 3 CLpro has three
domains, with domains I and II forming 6-stranded antiparallel
barrels, highly similar to the structure of the picornavirus 3Cpro,
and the substrate-binding site is located between these two

domains. Domain I and the C-terminus of domain III are con-
nected by a long loop. Domain III consists of a globular cluster of
five helices and appears to be responsible for the proteolytic activ-
ity of the enzyme.®> '* '%7 The accessory protease, also known as
papain-like protease (PLP or PLpro), conserves some of the prop-
erties of other accessory proteases. PLP recognises one or two sites
in the amino-terminal half of the polyprotein, upstream of the
position of the main protease domains, cleaving peptides that all
contain at least one small residue at the scissile bond, and has a
catalytic dyad consisting of a Cys and a downstream His, and may
employ variants of the  + f fold that is conserved in this class of
proteases.71

Structural and accessory genes. Five genes comprise the terminal
third of the genome, with the coding regions totalling approximately
7.6 kb. Four of the coding regions encode structural proteins, which
are integral components of the virion. These are the spike glycopro-
tein, or Sgp, the membrane glycoprotein, or Mgp, the envelope gly-
coprotein, or Egp, and the nucleocapsid protein, or Np. The other
coding regions encode small peptides known as the accessory pro-
teins. The structural and accessory protein genes are located, from 5
to 3/, in the viral genome in the following order:

o Gene 2 is the largest gene of this section of the genome. It is trans-
lated into a protein of about 1,160 amino acids known as the spike
protein, the S glycoprotein or Sgp (Figure 3). This glycoprotein
has at least eight glycosylation sites, which have been confirmed
by mass spectrometric analysis.'”® Tt is also known as the
peplomer, as it projects from the surface of the virion. The S pro-
tein is post-translationally cleaved into two sub-units, S1 (the
amino-terminal end), also known as the receptor binding unit,
and S2 (the carboxyl-terminal end), also known as the membrane
fusion unit (Figure 3). This cleavage occurs at the motifs RRFRR,
RRSRR or RRHRR.'”'"" The S1 protein can induce protective
antibodies against IBV''* and recognises the host cell receptors for
the virus.** '*711% S1 has also been implicated in the tissue tro-
pism of IBV, as changes in this protein are correlated with changes
in the ability of this virus to replicate in different cell cultures.''®
It has been suggested that the hypervariable regions of the S1 pro-
tein could be responsible for tissue tropism and pathogenicity.'"”
Because of its inter-strain sequence variability, the nucleotide
sequence of S1 has been used to group IBVs into different geno-
types."'® The S2 sub-unit anchors the protein to the virion and
mediates membrane fusion between the virion envelope and the
host cell membrane.''® A recent study has suggested that the S2
sub-unit could be responsible for determining the cell tropism of
IBV. A recombinant virus derived from the Beaudette strain,
which replicates in Vero cells, lost the capacity to replicate in this
cell line after a total or partial replacement of its S2 subunit with
that of the M41-CK strain, which only replicates in primary
cells."*®

o Gene 3 is located immediately downstream of gene 2 and is a
polycistronic gene, encoding 3 proteins, 3a, 3b and 3c (Figure 3).
The 3a and 3b peptides have not yet been characterised. The 3c
protein is also known as the envelope or E glycoprotein and is
an integral component of the envelope of the virion."** "' It has
been suggested that none of these proteins are essential for viral
replication in vitro, and this has been shown to be the case
for MERS-CoV and IBV.'*> ' However, a recent study has
shown that the deletion of 3a or 3b in IBV can induce attenuation
in vivo and in vitro.">* Other studies on MERS-CoV have demon-
strated that its absence induces a defect in the capacity of the virus
to disseminate in the host. Even though the E protein does not
appear to be essential for viral replication, it does appear to be
essential for the correct assembly of viral particles. In the absence
of this protein, aberrant and abnormally elongated viral particles are
produced in MHV.'* Experiments performed on IBV have shown
that mutant viruses with an altered E protein had delayed replica-
tion compared to wild-type viruses, and misshapen virions were
also detected by electron microscopy. These defective viral particles
also had reduced numbers of projections of the S protein. The
quantity of S protein was also reduced in the defective mutant, as
assessed by immunoblotting. Defective M proteins lacking the
N-terminal domain were also detected."*

+ Gene 4 is also a polycistronic gene, encoding 3 different peptides.
The first open reading frame (ORF) encodes the membrane protein,
commonly referred as the M glycoprotein or Mgp, the major protein
component of the envelope of the virion. The second ORF, which
slightly overlaps with the M protein ORF, encodes the 4b peptide.
The third ORF encodes the 4c peptide (Figure 3). The function of
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these two small accessory peptides (4b and c¢) remains unknown. The
M protein ranges in size from 25 to 30 kDa and determines the shape
of the virion. The Mgp is embedded in the virion membrane by three
transmembrane domains.''> Mgp can induce a humoral immune
response in chickens. However, this response is not sufficient to pre-
vent clinical disease.'*” The cytoplasmic tails of Mgp and Egp appear
to interact during viral assembly.'*®

« Gene 5 does not encode any of the structural proteins, but rather
two small accessory peptides, 5a and 5b (Figure 3). ORF 5a has
been shown to be nonessential for viral replication in Vero
cells,"* but its replacement with enhanced green fluorescent pro-
tein (eGFP) caused reduced replication and smaller plaques in
Vero cell cultures. Surprisingly, these replication deficits were
reduced after the mutants lost the eGFP gene, even though the
ORF 5a deletion remained. However, more recent studies have
shown that the deletion of 5a or 5b induced a progeny that
exhibited an attenuated phenotype in in vitro, in ovo and in vivo
assays.”> '** It has been speculated that protein 5b could play an
important role in modulation of the production of interferon in
the host (host shutoff).*®

o Gene 6 is the last ORF of the IBV genome and encodes the nucleo-
capsid protein (Figure 3). This is a non-specific RNA-binding pro-
tein that plays an important multifunctional role in the life cycle of
the virus. In TGEV the N protein can act as an RNA chaperone. This
role is likely to be shared by the Np of other members of
Coronaviridae, including IBV, given their level of nucleotide sequence
similarity."”® RNA chaperones have been described in other organ-
isms, including bacteria, such as Vibrio harveyi and Vibrio
cholerae,'>! Escherichia coli*>* and Salmonella Typhimurium,133 and
the +ssRNA viruses HIV'** and hepatitis C virus.'*> '*® The role of
these chaperone proteins is to bind and rescue RNA molecules from
self-folding states in which they are non-functional. They also facili-
tate template switching during viral RNA transcription.'*” Although
the Np can induce an antibody-mediated immune response, these
antibodies do not appear to be protective, at least in chickens.'*”

Pathogenesis of IBV

IBV has been associated with a variety of clinical signs in its host, the
domestic chicken (Gallus gallus). The virus initially replicates in the
upper respiratory tract and appears to enter host cells by viropexis.'*®
The tissue tropism varies between strains, but the basis of this variation
is not well understood. Experiments conducted with recombinant
viruses generated under laboratory conditions using the highly attenu-
ated Beaudette strain and the pathogenic strain M41 have suggested that
tissue tropism is determined by the S protein. In these experiments, the
segment of the genome encoding the S protein of Beaudette was rep-
laced with the homologous segment of M41. The new recombinant,
BeauR-M41 (S), had the same tropism as M41, suggesting that the cell
targeting was determined by this region.''® However, this cell tropism
was only assessed in cell cultures (CK, Vero, CEF and BHK-21 cells), so
the role played in tropism in vivo is yet to be confirmed. A limitation of
this study was the high level of attenuation of the Beaudette strain. The
switch in the cell tropism induced by the modification in the S protein
did not alter the pathogenicity of the virus in vitro,"” so it is possible
that factors influencing the virulence of IBV are encoded elsewhere in
the genome.'** Even though it is suspected that those virulence factors
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could be encoded in the polymerase genes (1a and lab), it has been
demonstrated, using a Beaudette and M41 in vitro recombinant, that
that function is not determined by nsp3, which is a putative ADP-
ribose-1"-phosphate or ADRP.'*' IBV initially replicates in the
Harderian glands. The histopathological changes that IBV induces in
the glands include degeneration of the epithelium of the collecting
ducts, lymphocytic infiltration of the septa, subepithelial infiltration of
heterophils and exfoliation of epithelial cells inside the collecting
tubules.'*? The live attenuated strain H-120 has been shown to replicate
in the Harderian gland tissue, as detected by immunofluorescence using
monoclonal antibodies, and by histopathological
Immunofluorescently labelled cells were detected from day 3 to day
14 after inoculation, and the histopathological changes in the Harderian
glands varied over time. Three days after inoculation, there was an
increase in the number of plasma cells in the subepithelium (with Rus-
sell bodies), and slight lymphocytic infiltration of the collecting tubules.
At 7 days there was an increase in the number of plasma cells, lympho-
cytes and heterophils. At 10 days, lymphoid infiltration became more
evident, with some destruction of the epithelium of the tubules. At
14 days, there was some restoration of the epithelial cells of the collect-
ing tubules."** The variation in tissue tropism of IBV contributes to var-
iations in the clinical signs in infected birds. Generally, these differences
enable classification of viruses as respiratory, reproductive and
nephropathogenic, based on the three main disease manifestations.**
3% 3% 31 144197 Although IBV can replicate in the gastrointestinal tract,
and this has not generally been associated with pathological changes,"*”
IBV has been isolated from the proventriculus of chickens with
proventriculitis. The authors of this study were able to isolate IBV from
the proventriculus and to reproduce proventriculitis experimentally.'**
Birds with proventriculitis had ruffled feathers and developed respira-
tory signs, including tracheal réles, coughing, sneezing and nasal dis-
charge. They also had white to yellow-creamy faeces, which are
commonly associated with diarrhoea and other gastrointestinal tract
diseases. At necropsy, the mucosa of the proventriculus appeared thick-
ened, with a white exudate emerging when squeezed (however, this

examination.

could have been normal gastric acid or pepsinogen stored in the
proventricular glands). The whole organ appeared to be enlarged and
swollen. At later stages, ulcers and haemorrhages were seen in the papil-
lae of the proventriculus. Lesions were also detected in other parts of the
digestive tract, including thinning of the duodenal wall and
haemorrhages in the caecal tonsils."*® A strain isolated in Brazil
(IBVPRO3) exhibited a particular tropism for both ovaries and testes
(gonadotropism) in infected chickens. Interestingly, this strain did not
replicate in the trachea, even though it belonged to the Massachusetts
genotype. However, full-genome sequencing of this isolate was not per-
formed, so it is not possible to attribute this change in tissue tropism to
any specific peptide change or mutation.'*’ Recent studies have been
focused on finding a treatment that could inactivate IBV or at least
inhibit its growth rate in its host. Astragalus polysaccharides (APS) have
been shown to inhibit the growth of IBV in chicken embryo kidney
(CEK) cells in a dose-dependent manner. The reduction in replication
of IBV was associated with a down-regulation of pro-inflammatory
genes, such as those for IL-1f, IL-6, IL-8 and TNF-o.'*°

Respiratory strains of IBV. Even though most strains of IBV pri-

marily replicate in the upper respiratory tract and then disseminate
to distal organs,”™ "' there are some strains that only replicate and
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affect the respiratory tract. These strains do not appear to be able to
replicate in other organs. Disease is normally characterised by con-
junctivitis, tracheal rales, coughing and sneezing, and in some cases
is accompanied by nasal discharge.'*® This is usually the mildest
form of disease associated with IBV, and the mortality rate is gener-
ally low."*" Nevertheless, disease associated with respiratory strains
of IBV can be complicated by secondary and opportunistic patho-
gens, such as Escherichia coli,"*® '°* and mortality rates of up to 10%
can be seen.'®! Some Australian strains of IBV, including Q1/89 and
N3/89, have been found to have tropism for only the respiratory
tract and a low pathogenicity. The replication of these strains occurs
exclusively in the trachea, with no signs of replication in the kid-
neys.'>! These strains have been classified historically as subgroup
2 strains, using the Australian nomenclature, but they were recently
re-classified, using a global scheme, as belonging to Group I1I-1.""®
While most IBV strains initially replicate in the upper respiratory
tract, inducing different levels of respiratory tract disease, some can
establish a viraemia and then replicate in other tissues, including
those of the reproductive tract and kidneys.”> '® 147> 153

Reproductive strains of IBV. IBV can cause lesions in multiple
regions of the reproductive tract. The target cells are the ciliated and
granular cells of the surface epithelia and the secretory epithelial cells
of the tubular glands of both the infundibulum and magnum, although
the lesions are more severe in the magnum.'** In the magnum, infec-
tion results in loss of mucopolysaccharides from the epithelial cells,
dilation of the tubular glands, and lymphocytic infiltration and
oedema of the submucosa.'** Infection of layer chickens with the
Australian vaccine strain VicS resulted in a lighter eggshell colour than
infection with other strains, even though the lesions induced by this
vaccine strain were very mild.">> This condition has been referred as
bleaching of the eggshell.*® The first studies of the effect of IBV on the
chicken oviduct were conducted in the 1950s.>> #* At the time, most
laying hens infected with IBV were shown to suffer a drop in their egg
production and about 70% of them did not return to lay after 5 weeks
after infection. If hens become infected during the first weeks of life,
the effects on the reproductive tract appear to be irreversible and the
hens never achieve their full genetic potential as layers.’® The weight
of the laid eggs was also reduced in the infected group, compared to
the uninfected control group. The internal quality of the egg was also
affected, and the proportion of misshapen eggs increased. The changes
induced by IBV in the egg include watery albumen,'* misshapen eggs
and changes in shells, which become thinner, and have a rougher sur-
face and have flattened sides®> A quarter of the infected birds laid
soft-shelled eggs and 10% produced eggs with a rough surface. The
changes in the albumen could originate from the histopathological
changes in the cells of the magnum, which could affect the protein
content of the albumen. These histopathological changes include the
deciliation of the epithelial cells, and changes in the secretory epithelial

5
cells.'**

Nephropathogenic  strains of IBV. Nephropathogenic IBV
(NIBV) strains cause nephritis in chickens and are the most patho-
genic IBVs, causing higher levels of mortality than respiratory and
reproductive strains. Initial viral replication occurs in the respira-
tory tract, with viraemic spread to the kidneys.”" '** '** NIBV was
first described in Australia and was referred to as “uraemia syn-
drome”.”” The aetiological agent of this syndrome was subsequently
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found to be IBV'>” and the disease was described as an “aberrant”
form of IB. The viral strains involved were shown to be serologically
related but not identical to the respiratory strains previously
described."*® Since these initial studies, many strains of IBV around
the world have been characterised as nephropathogenic. In
Australia, these strains were classified as highly, moderately or lowly
pathogenic, and includes almost exclusively strains referred as the
“classical” strains, mostly isolated between the 1960s and 1990s.
Strain N1/62, also referred as T-0 or T-strain, is a highly pathogenic
strain and is recognised as the archetypical nephropathogenic strain.
The moderate pathogenicity group includes strains Q1/73 and NT2/89,
and the low pathogenicity group includes V2/71 and N4/81."°7'%" Sev-
eral NIBV have been reported from different countries. During the 1960s,
the strain Holte, affecting laying hens in North America (US and
Canada), was characterised. The reports described a clinical condition in
Leghorn laying hens characterised by an increase in the mortality rate.
The affected birds also had enlarged kidneys, two to four times their nor-
mal size, containing urate crystals and haemorrhages, and urate deposits
in the ureters."”” '** Similarly, the nephropathogenic Japanese strain
MA-87 initially replicates in the renal tubules in the medulla of the kid-
ney, resulting in enlarged and pale kidneys, with urate deposits in the
renal tubules.!”® Recently, QX- and 4/91-related isolates were found in
broilers with damaged kidneys in Western and Central Algeria. A new
genotype referred as IBDZ13a has also been isolated from chickens with
nephritis, and shares 93% identity with the vaccine strain 4/91. This is the
first isolation of a nephropathogenic IBV in Algeria."®® There is a signifi-
cant dietary contribution to the incidence of the nephritis syndrome cau-
sed by IBV.>" A layer ration with a high calcium:phosphorus ratio of 7:1,
when fed to pullets during their grow out stages, increases the likelihood
of urolithiasis, and this likelihood is further increased when the pullets are
infected with the IBV strain Gray. The levels of urolithiasis in infected
birds fed a regular grower ration (with a calcium:phosphorus ratio of 2:1)
did not differ from those of uninfected birds, suggesting that the Gray
strain alone may not be capable of inducing urolithiasis."** '*® The mac-
roscopic changes induced in the urinary tract of chickens infected with
IBV include pale discolouration of the kidneys, increased kidney size, and
deposition of urates inside the tubules and ureters."*> '** Histopathologi-
cal changes include interstitial nephritis, with extensive damage of the
tubular epithelium, consisting of granular degeneration, vacuolation and
desquamation. Heterophil infiltration is seen in the early stages of the dis-
ease, with most damage seen in the medulla of the kidneys. Over time, the
inflammatory cell population of the affected areas changes from hetero-
phils to lymphocytes and plasma cells. The main targets of IBV in the
early stages are the cells of the lower nephron and the ducts. The epithelial
cells of the collecting ducts, collecting tubules and distal convoluted
tubules are the first cells to be infected, followed by the cells in the loop of
Henle. The proximal convoluted tubules normally appear to be less
affected >t 156 166 Young birds (less than 2 weeks of age) are more suscep-
tible to nephropathogenic strains of IBV than older birds.'"”” When
chickens are affected by a nephropathogenic strain that results in renal
damage, there is an increase in serum uric acid levels and a decrease in
the packed red cell volume.'*® The pathology of nephropathogenic IBV
strains could be mediated by metabolic disorders induced by the virus in
the host. Infection of chicken kidney (CK) cells with a nephropathogenic
strain of IBV resulted in down-regulation of xanthine oxidase gene
mRNA expression and an increase in the uric acid concentration in the

infected cells.'®®
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Pathogenesis of Australian IBV strains. The classical form of IBV
in Australia was characterised by uraemia,”> ** while the classical form
of IBV in North America was characterised mainly by upper respiratory
tract lesions.** 2° The nephropathogenic T-strain has been extensively
described as a representative Australian strain and as a classical
nephropathogenic strain,** & 15% 167 168, 170 A stydy of 25 strains of
IBV isolated between 1961 and 1994'*' compared the pathogenicity of
these strains in specific-pathogen-free (SPF) white Leghorn chickens.
Twelve strains were found to be nephropathogenic, while ten were clas-
sified as respiratory and three were classified as having a mixed pathoge-
nicity. Tropism for the reproductive tract (oviduct) was not evaluated in
this study. The severity of the nephropathogenicity was classified as
high, moderate or low, and there appeared to be a change in the patho-
genicity of the Australian isolates of IBV over the years. Of the twelve
strains isolated during the 1960s and 1970s, nine were classified as
nephropathogenic, with a mortality rate of 15-90%. Among the thirteen
strains isolated in the 1980s and 1990s, only three were classified as
nephropathogenic, with a mortality rate ranging from 5 to 37%, while
the remaining nine strains were classified as respiratory strains. Interest-
ingly, seven of these nine strains did not replicate in the renal tissues.
The emergence of a recombinant strain of IBV was reported by Hewson,
Noormohammadi, Devlin, Browning, Schultz and Ignjatovic.'”" This
strain, N1/08, was isolated from an IBV outbreak in 2008 on a farm in
New South Wales and was found to be a recombinant between sub-
group 2 (currently GIII-1) and subgroup 3 (currently GV-1) strains.
This strain causes mild respiratory signs and tracheal lesions, head shak-
ing, and irritation and swelling of the eyes. The histopathological
changes include lesions in the upper and lower trachea, with deciliation
and hyperplasia, and inflammatory cell infiltration into the lamina
propria. Viral RNA was detected in the caecal tonsil tissue of 5 of
40 infected chickens, and in the renal tissue of 1 of 40 infected chickens,
but there were no histopathological changes detected in the kidneys.
The reproductive tract was not examined in this study, so the effect of
this strain on these tissues remains unknown. A summary of the patho-
genesis of Australian IBV strains is provided in Table 1. The nomencla-
ture used in Australia for the designation of new isolates is generally
based on the model SI/YY, where S indicates the state in which the strain
was isolated (V for Victoria, Q for Queensland, N for New South Wales,
NT for Northern Territory, T for Tasmania), I indicates the number of
the isolate (if there was more than one that year in that state), and YY
indicates the year of isolation (e.g., N1/08 is the first isolate from New
South Wales in 2008).151’ 172 However, the international nomenclature
proposed by Jackwood,'”? following that initially proposed by
Cavanagh,'”* has the format IBV/bird type/country of origin/genotype
or serotype/strain designation/year of isolation. Following this nomen-
clature, the N1/08 isolate would be referred as IBV/Ck/Aus/GIII-
1/N1/08.

Coronaviral replication in cell culture systems

Cell cultures have been used for the propagation of coronaviruses for
decades, with differing levels of success, depending on the virus, the
conditions used for cell culture, and the cell line used. In one study,
cell culture propagation of porcine epidemic diarrhoea virus (PEDV)
was attempted'”” using different types of primary and secondary foe-
tal pig cells (intestine, lung, kidney, liver, spleen, brain and skin),
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and continuous cell lines, including Vero (African green monkey
kidney), PD5 (porcine thyroid), PK15 (porcine kidney) and HRT18
(human rectal tumour) cells. The growth medium used was Eagle’s
minimal essential medium (EMEM) buffered with 30 mM HEPES
(N2-hydroxyethylpiperazine-N-2-ethanesulfonic acid) and sup-
plemented with 10% heat inactivated foetal calf serum (FCS) and
antibiotics (100 IU of penicillin and 100 pg of streptomycin per ml).
As maintenance medium, either EMEM with 2% FCS or EMEM sup-
plemented with 0.3% tryptose phosphate broth, 0.02% yeast extract
and 10 pg trypsin per ml was used. Because trypsin is labile, 80% of
the medium was changed daily. In this study, the virus did not repli-
cate in primary or secondary pig cell cultures or any of the cell lines,
except Vero cells. Even though there were some signs of virus growth
under all the conditions assessed, formation of syncytia and full
cytopathic effect were only seen in the presence of a maintenance
medium supplemented with trypsin. Replication of PEDV in vitro
requires medium supplemented with trypsin.'”> As described above,
some coronaviruses require cleavage of the spike protein into its two
subunits for successful adsorption to and penetration into the host

175176 Successful replication of the Mebus strain of bovine

cells.
coronavirus (BCoV) was achieved in human rectal tumour (HRT-
18) cells maintained in serum-free medium containing 2.5 pg of pan-
creatin per ml. Pancreatin contains several enzymes, including tryp-
sin. The cytopathic effect was not evident until 7 days post infection,
and consisted of granular, swollen or enlarged cells that form

syncytia.'”’

Coronavirus cell receptors

The presence of cell receptors that are recognised by coronaviruses is
a critical requirement for infection. These receptors have been
described for some members of the family Coronaviridae. The
angiotensin-converting enzyme has been found to be a receptor for
SARS-CoV and its role has been tested in Vero E6 cells.'”® Mouse
hepatitis virus MHV-59 can use several isoforms of the mouse hepa-
titis virus receptor (MHVR), a member of the carcinoembryonic
antigen glycoprotein family and the immunoglobulin superfamily.'”
If MHV-resistant human cells are transfected with a construct that
expresses MHVRI, they become susceptible to infection with MHV-
59.'% The receptor for porcine epidemic diarrhoea virus (PEDV),
transmissible gastroenteritis virus (TGEV) and human coronavirus
229E (HCoV-229E) is the aminopeptidase N (APN) receptor.m’ 182
Studies conducted in IBV suggest that sialic acid is very important in
the interaction of the viral particles with the cell receptors. Vero,
baby hamster kidney and primary chicken kidney cells become resis-
tant to IBV after a treatment with neuroaminidase. The role of sialic
acid in the attachment of IBV has also been tested in erythrocytes.'®>
183, 184 Additionally, previous studies have demonstrated, by using
feline kidney cells infected with IBV, that the feline aminopeptidase

N, or fAPN, serves as a receptor for IBV during infection.'®’

Foetal bovine serum (FBS) in coronaviral cell cultures

FBS has been shown to interfere with the replication of some viruses
in cell cultures. In one study, when FBS was added at 2% to the
maintenance medium for Vero cells cultures, PEDV was detected in
individual cells by immunofluorescence, but syncytia did not form,
and the virus was unable to be passaged.'”> FBS has also been found
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Isolate

N1/62

Q1/65
N8/74
Q1/61

Q1/63

Q1/73

N1/75

Q1/76

NT2/89

V2/71

N4/81

N25/87

Vaccine 5

N2/62

Q1/64

N1/81

Vaccine 1

V1/71
V4/90
V6/92
N6/88
Q1/89
N3/89
V19/91
V2/93
V3/93
N1/94
VicS

N3/62
N9/74

N2/75

N1/88
Q3/88
V5/90
V18/91
N1/08

Tissue tropism and pathogenicity of the Australian IBV strains studied to date

Genotype

GI-5

ND
ND
ND

ND
Gl-6
ND
Gl-6
ND
Gl-6
ND
ND
ND
ND
ND
ND
ND
GI-5
ND
Glll-1
ND
ND
ND
ND
ND
ND

ND
Gl-6

GI-5
Gl-5

Gl-6

Glll-1
Glll-1
Gl-6

GllI-1
Glll-1

Tissue
tropism

K-RT

RT
RT
K-RT
RT
RT

Pathogenicity

High
High

High
High
Moderate
Moderate
Moderate
Moderate
Moderate
Moderate
Low
Low
Low
Low
Low

Low

High
Moderate

Low
Low
Low
Low

Low

Mortality
rate

80-90%
90%

80-90%
80-90%
30-65%
30-65%
30-65%
30-65%
30-65%
30-65%
5-15%
5-15%
5-15%
5-15%

No mortality
No mortality
No mortality
No mortality

No mortality
No mortality
No mortality
No mortality
No mortality
No mortality
No mortality
No mortality
No mortality
No mortality
No mortality

No mortality
96%

32%

No mortality
No mortality
No mortality
No mortality
No mortality

Clinical signs

Prominent nephritis

Not determined

Prominent nephritis
Prominent nephritis

Moderate nephritis

Moderate nephritis

Moderate nephritis

Moderate nephritis

Moderate nephritis

Moderate nephritis

Mild to mod.
nephritis

Mild to mod.
nephritis

Mild to mod.
nephritis

Mild to mod.
nephritis

Mild to trans.
nephritis

Mild to trans.
nephritis

Mild to trans.
nephritis

Mild to trans.
nephritis

No signs of nephritis

No signs of nephritis

No signs of nephritis

No signs of nephritis

No signs of nephritis

No signs of nephritis

No signs of nephritis

No signs of nephritis

No signs of nephritis

No signs of nephritis

ND

ND
ND

ND

ND
ND
ND
ND

Mild respiratory
signs

Gross lesions

Urate deposits in kidneys
Not determined

Urate deposits in kidneys
Urate deposits in kidneys

Irregular or no urate
deposits

Irregular or no urate
deposits

Irregular or no urate
deposits

Irregular or no urate
deposits

Irregular or no urate
deposits

Irregular or no urate
deposits

No gross lesions in kidneys

No gross lesions in kidneys

No gross lesions in kidneys

No gross lesions in kidneys

No gross lesions in kidneys

No gross lesions in kidneys

No gross lesions in kidneys

No gross lesions in kidneys

No gross lesions in kidneys
No gross lesions in kidneys
No gross lesions in kidneys
No gross lesions in kidneys
No gross lesions in kidneys
No gross lesions in kidneys
No gross lesions in kidneys
No gross lesions in kidneys
No gross lesions in kidneys
No gross lesions in kidneys
ND

ND
ND

ND

ND
ND
ND
ND
ND

Histopathological
lesions

Severe in kidneys

Severe in kidneys,
mild in trachea

Severe in kidneys

Severe in kidneys

Mild to severe in
kidneys

Mild to severe in
kidneys

Mild to severe in
kidneys

Mild to severe in
kidneys

Mild to severe in
kidneys

Mild to severe in
kidneys

Mild to severe in
kidneys

Mild to severe in
kidneys

Mild to severe in
kidneys

Mild to severe in
kidneys

Mild in kidneys

Mild in kidneys

Mild in kidneys

Mild in kidneys

No lesions detected
No lesions detected
No lesions detected
Mild in kidneys

No lesions detected
No lesions detected
No lesions detected
Mild in kidneys

No lesions detected
No lesions detected

Mild in kidneys and
trachea

Mild in trachea

Mild in kidneys and
trachea

Moderate in kidneys
and trachea

Moderate in trachea
Moderate in trachea
Moderate in trachea
Mild in trachea

Lesions in the
mucosa of
trachea

Reference

Ignjatovic et al'®"
Sapats et al, 1996

Ignjatovic et al'®"
Ignjatovic et al'®"

Ignjatovic et al'®"

Ignjatovic et al'®"

Ignjatovic et al'>’

Ignjatovic et al'®"

Ignjatovic et al'®"

Ignjatovic et al'>’

Ignjatovic et al'®"

Ignjatovic et al'®"

Ignjatovic et al'>’

Ignjatovic et al'®"

Ignjatovic et al'®"

Ignjatovic et al'>’

Ignjatovic et al'®"

Ignjatovic et al'®"

Ignjatovic et al'>’'

Ignjatovic et al'®"

Ignjatovic et al'®’

Ignjatovic et al'®"
Ignjatovic et al'®"
Ignjatovic et al'>’
Ignjatovic et al'®"

Ignjatovic et al'>’

Ignjatovic et al'®"

Ignjatovic et al'>’

Sapats et al, 1996

Sapats et al, 1996
Sapats et al, 1996

Sapats et al, 1996

Sapats et al, 1996
Sapats et al, 1996
Sapats et al, 1996
Sapats et al, 1996

Hewson et al'”’'

Abbreviations: at, atypical; K, kidney; mod, moderate; ND, not determined; RT, respiratory tract; t, typical; trans, transient; U, uncertain/

mixed.
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to have a growth inhibitory effect on human coronavirus OC43, and
the factor responsible was not believed to be antibody.'*® The growth
of IBV in cell cultures has also been found to be inhibited by FBS.
Hopkins'®® found that the inclusion of FBS at 7% in the agar overlay
used for plaque counting reduced the viral titres of several different
strains of IBV (97, SE 17, JMK, 13721, 46 and 41) by 10- to 100-fold.
This inhibition was also believed to be non-specific and did not
involve antibodies.

Growth of IBV in cell cultures

The growth rate of IBV in cell cultures is relatively low and isolation
in cell cultures can be difficult, especially with field strains, even for
reisolation of vaccine strains from vaccinated birds. In order to suc-
ceed, strains must be adapted to grow in cell cultures by serial blind
passages, with the number of passages required varying widely. The
cells that are more sensitive to IBV are CEK and CK cells.”" '*” Elec-
tron microscopy of CEK cells infected with IBV (Figures 4 and 5)
shows how actively the virus replicates in the cytoplasm of these
cells. IBV induces cell death or formation of syncytia (Figure 4, bot-
tom right photograph). The replication of IBV during infection
induces cellular membrane rearrangements.'® These membrane
rearrangements occur in both continuous cell lines and also in pri-
mary cell cultures. One of the most noticeable changes induced by

IBV in infected cells are zippered endoplasmic reticula (ERs) and
spherules. These spherules may be connected to the cell cytoplasm
by the zippered ERs. The zippered ERs can be seen as early as 48 h
after inoculation, coinciding with late-stage replication of IBV. Mem-
brane rearrangements have also been studied in SARS-CoV. The
viral particles appear to be grouped or packed inside the vesicle
packets (VP),"® '8 which are seen in the late stages of viral replica-
tion, and result from fusion between multiple double-membrane ves-
icles (DMV) (Figure 5A,B). In SARS-CoV, DMVs can be found
predominantly in the perinuclear area of the cell. In the later stages
of viral replication, virus particles can be found in clusters
(Figure 5C,D). The poor growth of IBV in cell cultures has driven
the focus of development of live attenuated vaccines towards serial
passages of candidate strains in embryonated eggs, as was first
reported for the development of the H52 and H120 vaccines in The
Netherlands more than 50 years ago. These vaccines needed 52 and
120 serial passages, respectively, in embryonated eggs to become
attenuated.'” Generally, attenuation of a strain of IBV in embryo-
nated eggs requires 75 to over 100 passages, but the number of pas-
sages can be reduced to 16 by heat treatment of the virus by
incubation at 56°C. After heat treatment and 16 passages in embryo-
nated eggs, strain GAO8 had reduced virulence and induced protec-
tion against challenge with the homologous strain. However, the
factors or genetic mutations contributing to this attenuation remain

Electron micrographs of chicken embryo kidney (CEK) cells infected with the IBV strain VicS-v for 48 h. The white arrow heads indicate the
location of viral particles in some of the vesicular packets. The grey arrow head indicates the location of the junction of two adjacent cells, which
are forming a syncytium. N, nuclei. Scale bars represent 500 nm (white) and 1 pm (black). Photograph, courtesy of Ms Liliana Tatarczuch, Mel-
bourne Veterinary School, Faculty of Veterinary and Agricultural Sciences, The University of Melbourne.
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Details of the electron micrographs of chicken embryo kidney (CEK) cells infected with the IBV strain VicS-v for 48 h. VP, vesicular packets;
CM, cellular membrane; DMV, double-membrane vesicles; M, mitochondria. Examples of DMVs are indicated by the black and white arrow heads.
The reticular membranes associated with the vesicles are marked with an asterisk. Scale bars represent 100 nm (A), (B) and (D) and 200 nm (C). Pho-
tograph, courtesy of Ms Liliana Tatarczuch, Melbourne Veterinary School, Faculty of Veterinary and Agricultural Sciences, The University of

Melbourne.

unknown.'®! Interestingly, it has been found that some strains, such
as Holte and SE-17, produce clearer plaques in cell monolayers when
incubated at 40°C instead of 37°C, although the titre is not
affected.'® The changes seen in cell culture monolayers after infec-
tion with viruses are referred as the cytopathic effect (CPE). In the
case of IBV, the CPE observed is granularity and vacuolation of the
cytoplasm, clumping and shrinkage of cells, and eventually detach-
ment from the cell monolayer. In the initial passages, syncytia are
rare, but after the adaptation of the strain to growth in cell cultures,
they can be readily seen after 24 h of incubation. The amount of
CPE increases with serial passage of the virus in cell culture.'®” In
Vero cells infected with SARS-CoV, the CPE has been described as
rounding of the cells against a granular background at 5-11 days
post inoculation.”® With bovine coronavirus, the CPE in BEK-1 cells
(from bovine embryonic kidneys) consisted of rounded cells first
appearing at 3 days post inoculation, increasing in number as incu-
bation progressed, and subsequently formation of syncytia. The cell

Australian Veterinary Journal Volume 100 No 10, October 2022

sheet was destroyed by 4 to 5 days after inoculation.'”> The mor-
phology of the plaques formed by IBV depends on the strain and the
number of times it has been passaged in cell monolayers and varies
from small (1-3 mm) to large plaques with irregular or wavy

borders.'*?

Conclusions

This review provides background about the family Coronaviridae,
and a comprehensive overview of current understanding about the
avian coronaviruses. It should enable the reader to appreciate the
complexity of the molecular biology and genetics of these viruses, as
well as the pathogenesis of the diseases they cause. It should also be
a useful source for those interested in the ecology of Australian
infectious bronchitis viruses, and in the development of more effec-
tive tools to control the diseases they cause in Australia.

© 2022 The Authors. Australian Veterinary Journal published by John Wiley & Sons Australia,
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