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Abstract

A previous study has reported that Newcastle disease virus (NDV) recombinant LaSota strain
(rLS) expressing infectious bronchitis virus (IBV) Arkansas-type (Ark) trimeric spike ectodomain
(Se) (rLS/ArkSe) provides suboptimal protection against IBV challenge. This study was aimed at
developing rLS expressing chicken granulocyte-macrophage colony-stimulating factor (GMCSF)
and IBV Ark Se in an attempt to enhance vaccine effectiveness. We first compared protection
conferred by vaccination with rLS/ArkSe and rLS/ArkSe.GMCSF. Vaccinated chickens were
challenged with virulent Ark-type IBV, and protection was assessed by clinical signs, viral load,
and tracheal histomorphometry. Results showed that challenged chickens immunized with rLS co-
expressing GMCSF and the Se had significantly reduced tracheal viral load and tracheal lesions
compared to chickens vaccinated with rLS/ArkSe. In a second experiment, we evaluated
enhancement of cross-protection by a Massachusetts (Mass) serotype attenuated vaccine after
rLS/ArkSe.GMCSF priming or boosting. Vaccinated chickens were challenged with Ark-type
IBV, and protection was evaluated. Results showed that priming or boosting with the recombinant
virus significantly increased cross-protection conferred by Mass vaccine against Ark virulent
challenge. Greater reductions of viral loads in both trachea and lachrymal fluids were observed in
chickens primed with rLS/ArkSe.GMCSF and boosted with Mass. Consistently, Ark Se antibody
levels measured with recombinant Ark Se-protein-coated ELISA plates 14 days after boost were
significantly higher in these chickens. Unexpectedly, the inverse vaccination scheme, i.e., priming
with Mass and boosting with the recombinant vaccine, proved somewhat less effective. We
concluded that a prime and boost strategy using rL.S/ArkSe.GMCSF and the Mass attenuated

vaccine, ubiquitously used world-wide, provides enhanced cross-protection. Thus, rLS/GMCSF



co-expressing the Se of regionally relevant IBV variants could be used in combination with live

Mass vaccines to protect against these regionally circulating variant strains.
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1. Introduction

Being a highly contagious disease affecting the respiratory, reproductive, and renal tract,
infectious bronchitis (IB) is responsible for substantial economic losses to the global poultry
industry. For the last 8 decades, vaccination with embryo-attenuated infectious bronchitis virus
(IBV) has been an extensively employed strategy to prevent the disease (175). However, attenuated
vaccines are associated with grave consequences such as reversion to virulence (162, 399), vaccine
viral persistence (178), rolling reactions (247), selection of vaccine subpopulations in chickens
(128, 248, 262, 360), and recombination with wild-type strains (179, 185, 210, 215). Ultimately,
these phenomena lead to the emergence of vaccine-like variants, which complicate the control of
IB (7, 144, 179). In contrast, inactivated vaccines are safer but elicit insufficient immune responses
(163, 250, 377) and require priming with a live vaccine and parenteral administration (135).
Similarly, recombinant DNA vaccines (14, 191, 304, 336, 342, 382) have been demonstrated to
provide limited protection. Although some subunit vaccines have promised better protection (113)
than others (214, 383, 321), a necessity to inject these vaccines restricts their applicability in
commercial settings. Therefore, a novel approach involves construction and evaluation of
homologous (18, 50, 115, 155, 198, 372) or heterologous viral vectors (67, 187, 222, 315, 351,
370, 396-398) expressing antigenic sequences of IBV. While these vectors have conferred
protection of variable magnitudes, their drawbacks have been discussed (sections 4.3.3 and 4.3.4.).
Interestingly, recombinant Newcastle disease virus (rNDV) has been experimentally used as a
promising vaccine vector against various other avian (169, 200, 260) and mammalian diseases
(207, 331). However, LaSota-type (rLS) NDVs expressing IBV antigens have induced suboptimal
protection thus far, especially upon single vaccination with the recombinant constructs (1, 317,

318, 334, 335, 401). Considering an enhanced immunogenic potential of spike ectodomain (Se) in
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comparison with S1 subunit (113) (page 30), a recent attempt demonstrated partial protection
provided by vaccination with rLS expressing Se of an Arkansas-type (Ark) type IBV (rLS/ArkSe)
(394). To enhance the efficacy of avian vaccines, researchers have tested a variety of cytokines as
recombinant genetic inserts or co-administered adjuvants (67, 315, 330, 370). Specifically,
granulocyte-macrophage colony-stimulating factor (GM-CSF) has been demonstrated to augment
efficacy of vaccines against various human (5, 41, 183, 271, 284), non-avian animal (10, 109, 408,
409), and avian diseases (137, 368, 369), including IB (333, 396). Taking into account a diverse
functionality of GM-CSF in both innate and adaptive immune responses and its established
potential as a vaccine adjuvant, we collaborated with Dr. Qingzhong Yu at USDA’s Southeast
Poultry Research Laboratory to produce and evaluate rLS co-expressing Ark-type Se and GM-

CSF (rLS/ArkSe.GMCSF).
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II. Literature Review
1. Infectious bronchitis

IB is a highly transmissible respiratory disease primarily affecting chickens and causing
significant economic losses to the global poultry industry. Even though initial descriptions of 1B
were published about 100 years ago (17, 194), its control is still an unresolved problem. The
etiologic agent of IB, infectious bronchitis virus (IBV), is a rapidly evolving avian coronavirus
belonging to the genus Gammacoronavirus. 1BV is transmitted horizontally by aerosol and direct
contact with diseased birds or fomites. As the disease is highly contagious, morbidity is usually
around 100%. However, the mortality rates depend on the IBV strain, bacterial co-infections, and
host factors. The virus initially replicates and damages epithelial mucosas of the upper respiratory
tract. Following a short viremia, the virus reaches the urogenital tract and other tissues. Depending

on viral strain, the reproductive, renal, or enteric systems may be more severely affected (175).
1.1. History

A comprehensive literature review provides ample evidence that IB was reported before the
1930s (194, 195, 295), contrary to the pervasive and mistakenly reiterated belief that IB was first
observed and documented in 1930s (175). Salmon, who first described a clinical picture similar to
IB in 1899, termed the disease “bronchitis” and described labored breathing as one of the clinical
signs. However, he considered non-infectious environmental factors such as dampness, dust, cold
air, temperature changes, and irritating vapors as the causative agents (295). The contagious nature
of bronchitis was reported by Kaupp in 1917, who described respiratory signs, laying
complications, and intra-tracheal treatment for the disease (194). In the 1920s, various names such
as tracheitis, trachea-laryngitis, Canadian flu, gasping disease, and infectious bronchitis were used

to designate the same disease (17, 44, 47, 148). In 1930, the first comprehensive account of IB was
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published by Kernohan, who reported transmission of the disease through intra-tracheal
inoculation of the exudate from the infected birds and post-infection immunity (199). In 1931,
Schalk and Hawn reported that the symptoms and lesions of the emerging disease were clinically
comparable to infectious laryngotracheitis (ILT) (298). Bushnell and Brandly compared clinical
symptoms and pathological lesions with other diseases in 1933, and concluded that the causative
agent was probably the same filterable microbe i.e. virus that caused ILT (45). However, Beach
and Schalm performed virus neutralization and cross-immunity experiments in 1936, revealing
that the disease was dissimilar to infectious coryza, and the pathogen of interest was a virus
differing from that of ILT (15). In 1937, Beaudette and Hudson reported the ability of IBV to
propagate in the allantoic cavity of embryonated eggs (16). These findings were confirmed by
Delaplane and Stuart in 1939 (101) and 1941 (102), who further demonstrated a decline in the
lethality of embryo-propagated viruses with successive passaging. Consequently, the reduction of
pathogenicity through this process established the foundation of immunization against IBV (102).
In the 1940s, van Roekel et al. reported the first vaccination of layers in Massachusetts, using
inocula obtained from laboratory birds infected with IBV (358). Subsequently, Hofstad published
a detailed account of IB in 1945, describing microscopic lesions in both young and old chicks
(158), rejecting the potential of experimental and field cases to serve as recovered carriers of IB
(159), and invalidating the authenticity of hemagglutination test as a diagnostic tool for IBV (160).
In 1948, Jungherr and Terrel discovered maternally derived antibodies (MDAs) against IBV in
embryo yolks and young chicks (188). However, in 1950, Hofstad and Kenzy found that despite
high serum antibody content, chicks of age 4, 6, 7, and 10 days were susceptible to IBV (157). In
the same year, Loomis et al. comprehensively described the gross and microscopic alterations in

IBV-infected embryos through the first seven passages (229). A major breakthrough was made in
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1956 by Jungherr et al., who reported antigenic differences and lack of cross-protection between
a IBV isolates obtained in Connecticut and Massachusetts (189). In 1973, Hitchner suggested
standardization of virus neutralization test for screening and classification IBV field strains (153).
The introduction of an enzyme-linked immunosorbent assay (ELISA) by Marquardt et al. in 1981,
was a major advancement in IBV diagnostics, as it was more sensitive, allowed earlier detection,
and required smaller volumes of sera as compared to virus neutralization test (243). Raj and Jones
discussed the long-term persistence in 1997, local immunity in the oviduct, duodenum and caecal
tonsils, and the increase in CD8 cells following IBV infection (288).
1.2. Transmission

As a highly transmissible virus, IBV spreads quickly in the flocks leading to the morbidity of
around 100% (100). The transmission of IBV occurs primarily through the aerosol route (91, 217).
Additionally, it is transmissible through direct contact with infected materials (199) and
mechanically through fomites and the movement of personnel across the farms (283). Birds
recovered from IB may continue shedding the virus, thereby transmitting the disease to a
susceptible population (205). Experimental infection of antibody-free chickens revealed
intermittent tracheal and cloacal shedding up to 63 days and isolation of the virus from various
organs up to 163 days post-inoculation (261). Other routes likely include venereal transmission
(127).
1.3. Pathogenesis

The pathogenic outcomes of an infection with IBV depend on the serotype, host factors, and
environmental conditions (89, 231). IBV initially replicates in the upper respiratory tract and is

subsequently disseminated to other tissues via viremia (249). Tropism of IBV for ciliated epithelial
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cells has been reported through immunofluorescent staining of impression smears (130). Electron

microscopy of tracheal sections revealed viral invasion of epithelial cells by viropexis (354).
1.4. Gross pathology

Nasal, tracheal, and bronchial exudate with mild tracheitis and sinusitis have been observed
in early stages following experimental infections. The nature of the exudate was found to be serous
or catarrhal with yellowish color and variable consistency. Moreover, congested lungs with turbid
air sacs were found on necropsy (15, 158). In chickens infected with nephropathogenic strains,
swollen and pale kidneys have been observed. Renal tubules and ureters were found distended
with urate deposits (378, 379). Regressive ovary and oviduct were determined as primary gross
lesions in controlled experiments involving weight and length measurements. Shriveled, wrinkled,
and “fig-shaped” ova were found, with discontinuous yolk membranes allowing the accumulation
of “cheesy” yellow material into the peritoneal cavities (88, 89, 306). Exposure to IBV during the
first 18 days of age can induce permanent anomalies of the reproductive organs, including non-
patent and cystic oviduct (39). IBV-infected embryos show stunting, dwarfism and curling with
clubbed appearance of feathers. Moreover, retarded lung development with pneumonia and serous
exudation can be observed 8 days post-infection (229).

1.5. Histopathology

Early histopathological studies discovered deciliation and desquamation of the tracheal
epithelium in conjunction with diffuse leucocytic infiltration in the mucosa and submucosa 3 days
post-infection. Microscopic evaluation of air sacs showed a marked increase in lymphoid and
mononuclear cells. In addition, an influx of eosinophilic granulocytes and mononuclear cells was
observed in the turbinates (158, 286). Following viremia, IBV replicates in renal and reproductive

organs. The severity of the damage in these tissues depends on the IBV strain. Nephropathogenic
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strains cause acute and chronic progressive nephritis/nephrosis. Renal cortex and medulla with
foci of mononuclear infiltration and extensive viral replication have been observed. Chickens
chronically infected with nephropathogenic strains have been diagnosed with fibrotic and
atrophied kidneys (70, 90, 378). Infected oviducts show inflammatory cells with focal or diffused
distributions. Loss of cilia and cellular infiltration with copious lymphocytic foci has been reported
in lamina propria and inter-tubular stroma of affected oviducts. Proliferation of fibroblasts and
absence of tubular glands have also been observed in the oviduct (306).
1.6. Clinical signs

Infected birds present respiratory signs, including gasping, coughing, sneezing, nasal
discharge, increased lachrymation, and tracheal rales (199). In addition, the birds appear dull and
depressed, with reduced feed intake and reduced weight gain (280). In laying birds, decline in egg
production with deteriorated interior and exterior egg quality is observed. Moreover, eggshells can
be wrinkled, misshaped, non-uniform in size, bleach-colored, and of variable thickness (306, 359).
The interior egg quality is also affected, as indicated by watery albumen (46, 87).
1.7. Economic significance

From 2011 to 2019, about 65000 outbreaks and 359 million worldwide cases of IB have been
reported to OIE (266). An IB outbreak results in significantly declined egg production, reduced
feed conversion efficiency, mortality, higher medication costs, increased culling from the flock,
and increased condemnation rates at slaughter (39, 306). Depending on IBV strain, in egg
production may decline from pre-infection levels of 70% to 2.4% within two weeks. The losses
are recurring as the recovered flock does not regain its optimal production level, which could be

explained by permanent post-infection changes in the oviduct (298, 359).
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2. Infectious bronchitis virus
2.1. Taxonomy

IBV has been classified in the order Nidovirales and family Coronaviridae which comprises
subfamilies Orthocoronavirinae and Letovirinae. Orthocoronavirinae consists of four genera:
Alphacoronavirus, Betacoronavirus, Gammacoronavirus and Deltacoronavirus (134, 171). A
coronavirus derives its name from the characteristic electron micrographic appearance of
negatively stained particles, the outer surface of which bears a resemblance to a crown (4). Birds
have been determined as the ideal hosts for the species belonging to genera Gammacoronavirus
and Detlacoronaviruses. 1BV is a Gammacoronavirus that primarily affects chickens. Some
reports indicate that peafowls, pheasants, and parrots might also be susceptible (136, 228, 380).

2.2. Virus structure

IBV is an enveloped virus with a diameter ranging from 80 to 120 nm. The virions appear to
be pleomorphic in electron radiographs, although generally spherical with about 20 nm long club-
shaped projections (4, 24). IBV has a mean density of around 1.18 on the sucrose gradient (29,
53). The structural proteins include spike (S), envelope (E), membrane (M), and nucleocapsid (N)
(53). The S protein has a molecular mass of 354 kDa (56) and forms club-shaped spikes. The M
protein is integral to the membrane and partially exposed at the surface of the virion. It consists of
a 23 k-Da polypeptide about and can have a molecular mass up to 36 kDa depending on the extent
of glycosylation (54, 328). The inner core of IBV consists of N protein, a 50 k-Da protein

associated with the RNA genome (53, 237).
2.3. Genome

IBV possesses a positive sense, non-segmented, single-stranded RNA genome. The sequence

of IBV comprises approximately 27.6 kilobases (339). The 5’ end has a 5’ untranslated region (5°-
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UTR) contains 528 nts (7). Interestingly, the genome contains several ORFs, involving a
discontinuous extension of transcription and generation of several subgenomic RNAs (297, 403).
The first 20 kilobases of the genome consist of genes 1a and 1b that encode polyproteins (33, 34).
The terminal sequence of about 8 kilobases encodes four structural proteins: S, E, M, and N (7,
34). Researchers have demonstrated a critical role of the replicase gene 1a in the pathogenesis of
IBV by using recombinant IBVs with mutated 1a or 1b ORFs. The mutations in gene 1b appeared
not to affect replication of IBV (400). The role of four accessory genes 3a, 3b, 5a, and 5b is still
indeterminate. Despite the diffused and punctate localization of 3a proteins to smooth endoplasmic
reticulum (ER) as observed by confocal microscopy (277), it has been reported that proteins
encoded by 3a and 3b sequences are not critical for replication (154). Researchers have
demonstrated that gene 5 and ORF 5a are not critical for in vitro viral replication (50, 388). In
addition, in ovo and in vivo pathogenicity evaluation have shown that mutations in 5a and S can
attenuate the virulent IBV (404). The 3’ end of the genome has a more than 500 nts long UTR
followed by polyadenylate sequences of varying lengths (7, 300).
2.4. IBV attachment and entry

The so-called receptor-binding domain (RBD) on the S1 subunit of the spike protein mediates
the binding of IBV to the host cell receptors and is responsible for cellular tropism (51, 281, 374).
An a-2,3 sialic acid receptor has been determined as an attachment factor for the virus (301, 308,
376). Moreover, a competitive exclusion experiment has revealed that cell surface heparan sulfate
could be responsible for an extended host range of Beaudette-type IBV (238). Before viral entry
into the host cells, proteolytic maturation of surface glycoproteins and conformational alteration
have been observed among enveloped viruses (201, 364). Even exogenous proteases have been

shown to enhance cellular tropism and infectivity. For example, in a very recent study, higher viral
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titers were obtained in an experiment using exogenous trypsin during the propagation of IBV in
the cell culture (329). Unlike some other coronaviruses, the S protein of IBV is cleaved into S1
and S2 subunits in the virus producing cells, and this cleavage is catalyzed by host cell serine
proteases (60, 61). Furin is a calcium-dependent serine protease that cleaves S at the consensus
motif RRFRR537/S in addition to cleaving the S2 subunit at RRRR690/S in the virus-infected
cells (58). Contrary to other class I fusion proteins, the membrane-anchored subunit of IBV S
protein is not exposed by processing just upstream of the fusion peptide. Interestingly, the furin-
dependent processing of IBV S protein happens further away from the predicted fusion peptides
(31, 32). The cleavage recognition site of the S protein mainly comprises highly conserved amino
acid sequences and does not explain host range or serotype divergence (176). The concerted
interaction of S1 and S2 with the host cell surface is responsible for the viral attachment, although
no receptor binding domain has been observed on the S2 subunit (57, 282). Moreover,
glycosylation of the N-terminal RBD on the S protein is indispensable for the attachment of IBV
to the target cells and modulation of infectivity thereof (35, 273, 406). Following attachment,
fusion activation of the host cell membranes is enabled by the S2 subunit (27). Although some
earlier studies have described the optimum cell to cell fusion at pH 6.7 (220), more recent studies
have demonstrated that the viral entry depends on lower pH and very little or no fusion above pH
6.0 (73). While the initial studies suggested large syncytia formation around neutral pH as a
representative model for fusion and entry (219, 220, 381), electron microscopic evidence showed
viropexis as the key mechanism for IBV entry into the tracheal epithelium, chorioallantoic
membrane (CAM), and chicken kidney cells (CK) (274, 354). Viropexis, by definition, is a
mechanism by which a virus is ingested into the cytoplasmic vacuoles of the host cells and has

been extensively described for influenza viruses (98, 274). Therefore, the initiation of entry into
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the cells is depends on an endocytic pathway as elucidated by an experiment involving
endocytosis-inhibiting drugs monensin and chlorpromazine (74). As the endocytic environment is
acidic (299), these findings corroborate with data suggesting low-pH-dependent fusion and entry
(73). A study using baculovirus described the clathrin-dependent signal transduction by using an
endocytosis inhibitor monodansylcadaverine (265). More recently, a detailed study involving
chemical inhibitors, RNA interference, and dominant negative mutants has investigated the
requirement of clathrin-coated vesicles for IBV entry into the target cells. The pathway involves
the attachment of IBV to the lipid rafts, its movement along the depolymerized actin filaments, the
vesicular scission through GTPase dynamin 1, transportation through early and late endosomes,
and ultimate fusion of the viral envelope with the late endosomal membrane leading to release of
the genome into the cytoplasm (365).
2.5. Viral replication

Following the cytoplasmic release of the positive-sense, single-stranded RNA genome, IBV
ORF 1ab is recognized by the host ribosomal machinery. The first two-thirds of the genome
encodes two large polyproteins: 441-kDa pp-1a and 741-kDa pp-1a/1b. The fusion polyprotein pp-
la/1b is translated through a unique ribosomal frameshifting mechanism (34, 38). Subsequently,
the cleavage of the pp-la and pp-la/lb produces several non-structural proteins (NSPs). This
processing is catalyzed by ORF la-encoded papain-like and 3C-like viral proteinases (225, 411).
Unlike some other coronaviruses that encode 16 NSPs (NSP1-16) as proteolytic cleavage products,
IBV lacks NSP1(410). IBV’s 15 NSPs play multiple roles in the replication and assembly of the
virus (107, 263, 337). The assembly of these proteins leads to the formation of replication-

transcription complexes.
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The positive-sense RNA genome is used by the RNA-dependent-RNA-polymerase as a
template to produce a full-length negative sense replica of the IBV genome, which is further
utilized to produce genomic and subgenomic RNA copies (305, 403). These subgenomic mRNA
(sg-mRNA) species constitute a 3’ co-terminal or so-called ‘nested’ set of varying lengths, are 3’
polyadenylated, and share a common 5’ leader sequence. The translation of sg-mRNAs leads to
the production of structural polypeptides of the virus (40, 325-327). A recent transcriptomic
analysis of genomic and sg-mRNAs performed through deep sequencing and ribosomal profiling
of IBV infected CK cells established an sg-mRNA encoding N protein as the principal species,
while the amount of sg-mRNA encoding M protein was strain-dependent (103). An sg-mRNA has
been discovered with the potential ORF located between the M gene and gene 5. The translation
of an 11 k-Da accessory protein from this previously unidentified sg-mRNA is controlled by a
transcriptional regulatory sequence (TRS) (19). More recently, a similar sg-mRNA has been
identified, the transcription of which occurs through a non-canonical TRS located between the N

gene and 3° UTR (197).

Transcriptional regulation is dictated by N protein due to its localization to host nucleolus
through fibrillarin and interaction with nucleolin. One consequence of this interaction could be the
prolongation of interphase, thereby maximizing the viral mRNA translation (66). A fairly recent
study involving mass spectrometry and fluorescence has revealed a complicated interactome of N
protein with host cellular proteins that could potentially modulate IBV replication and translation
(116).

Generally, the replication of positive-sense RNA viruses induces rearrangement of host
cellular membranes to perform essential functions. To assess the precise location of replication

organelles (RO), studies using electron tomography predicted zippered ER with double membrane
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spherules (DMSs) to be the active sites of viral RNA synthesis (239). While a more recent
investigation has confirmed an abundance of these DMSs, it has demonstrated an involvement
double-membrane vesicles (DMVs) in viral RNA synthesis instead of ER and DMSs (320). These
spherules protect newly synthesized viral RNA and permit the exchange of materials with the
cytoplasm (240). Recently, accumulation of a double-stranded RNA 3-4 hours post-infection has
been established as a marker of IBV replication in CK cells (241). Despite the general question of
whether these dSRNA molecules function as intermediates or not, they are still believed to be

indicative of active viral replication (139, 239, 241).

Experimental translation of IBV proteins has been investigated as early as the 1970s using
rabbit reticulocyte and wheat germ expression systems (150). The 5° ORF of each mRNA is
translated through ribosomal scanning, which happens in a cap-dependent fashion. Experiments
involving murine hepatitis virus (MHV, a Betacoronavirus) have concluded that the 5’ leader
sequence augments the translation of viral mRNA as a compensatory mechanism during a host
cell translational shut-off (332). The cap-dependent translation of mRNA1 yields two polyproteins
la and 1a/1b, which are co- or post-translationally cleaved into several proteins through papain-
like and 3C-like proteinases (225, 263). Other sg-mRNAs yield structural proteins S, E, M, and N
and accessory proteins 3a, 3b, 5a, and 5b of unknown functionality (259). The translation of
tricistronic mRNA3 initiates with the cap-independent recognition of 3 overlapping ORFs, thereby

providing 3a, 3b and 3¢ proteins (226).

Recently, a study has revealed that IBV manipulates apoptotic pathways of the host cells,

thereby enhancing cell survival and viral replication (392).
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2.6. Viral assembly and release

An exocytic secretory pathway transports coronaviral structural proteins to an intermediate
compartment between ER and Golgi complex (209), variably referred to as budding compartment
(345), salvage compartment (371), cis-Golgi network (110), or ER-GIC (145). By virtue of its
diverse enzymatic profile, the so-called ‘budding compartment’ offers an enriched environment
for the newly synthesized glycoproteins and permits the sequential post-translational processing
of these proteins (206).

A study involving immunofluorescence and cell fusion analysis demonstrated that IBV S
protein is transported to the plasma membrane following expression. The presence of putative
transport signals in the S-ectodomain and putative retention signals in the cytoplasmic tail was
also proposed (361). However, M protein (previously labelled as El1 glycoprotein) of IBV
accumulates in the cis-Golgi cisternae, as determined by immunoelectron microscopic analysis of
cloned complementary DNA (cDNA) expression (234). Moreover, the withholding of M protein
inside Golgi has been suggested to be regulated by an active or passive retention signal on the N-

terminal transmembrane domain.

Additionally, the budding of virions from plasma membranes can be a consequence of the
intracellular concentration of M protein (235). Earlier studies involving confocal and
immunoelectron microscopy revealed that smaller amounts of IBV M and E proteins were released
upon co-expression leading to reduced efficiency of virus-like particle formation (85). Further
studies using co-immunoprecipitation assays (224) and in vivo chemical crosslinking assays (86)
reported the physical interaction of IBV E and M proteins through specific amino acid motifs on
the cytoplasmic tails. As the amount of E protein found in mature virions (227) and virus-like

particles (33) was found to be minuscule, higher amounts of E protein at the subcellular levels and
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its interaction with M protein could explain its role in viral budding (85, 86). Another study
involving biochemical analysis of four different coronaviruses disclosed the transportation of IBV

M protein away from the budding compartment and its retention through intrinsic signaling (202).

The carboxy and amino termini of the newly synthesized IBV N protein coalesce with the 3’
non-coding region of full-length genomic RNA to form a helical ribonucleoprotein structure.
However, the middle region of N protein was shown to interact with 5’ sequences of IBV RNA
(407). A hypothetical model was elucidated to explain nucleocapsid multimerization and assembly
of IBV nucleocapsid at the subcellular level using a bacterial expression system. According to this
model, binding of N- and C-terminal domains of N protein to the genomic RNA could trigger the
clustering of N proteins. Furthermore, the condensation of IBV RNA around oligomerized N-

terminal of N protein would terminate into a compact ribonucleocapsid (119).

A hydrophobic domain of E protein has been demonstrated to affect the cell secretory pathways
by influencing the Golgi apparatus. This alteration could promote viral infectivity by reducing the
premature syncytial formation and minimizing antigenic presentation to the host immune system
(294). Another study highlighted the significance but not essentiality of the transmembrane domain
of E protein for the release of infectious IBV particles (236). The latest research has revealed pH
alterations in the luminal microenvironment of Golgi regulated by the transmembrane domain of
IBV E protein. Such a modulation prevents premature cleavage of S protein and modifies the

secretory pathway, thereby promoting the release of the particles (373).
3. Spike (S) protein
The S protein constitutes an array of projections or peplomers on the surface of the IBV

envelope (4). Electron microscopic analysis observed the lengths of bulbous or tear-drop-shaped

IBV surface projections ranging from 12.8 to 27.3nm with a mean of about 20nm. The observed
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width was somewhere between 6.2 to 13nm, averaging about 10.5nm (95). Biochemically, it is a
glycoprotein consisting primarily of 90-kDa S1 and 84-kDa S2 subunits (53, 55). The demarcation
of subunits results from cleavage of the spike precursor at a specific amino acid sequence
preceding the N-terminal serine residue of S2 (61). An extensive glycosylation explains the
difference in molecular weight of about 50 kDa observed between the glycosylated and
unglycosylated S polypeptides (30). The N-terminal bulbous S1 subunit comprises around 519
amino acids (the numbers may vary among different IBVs) (61) and is responsible for viral binding
to the host cells through the RBD (281). The S2 subunit consists of 625 amino acids (61), and its
carboxy terminus anchors the S into the viral membrane (30). The importance of S2 for fusion
with host cells has been widely established (32). The coiled-coil structure of the S2 stalk results
from the interaction of a-helices formed by an array of hydrophobic residues. The presence of two
heptad repeat regions and their helical interaction leads to the oligomerization of the S protein
(96). Although initial studies described either a dimeric or trimeric structure of IBV (56), a modern
investigation involving cryo-electron microscopic density maps and protein modeling has revealed

a trimerized structure of IBV S-ectodomain (309).

3.1. Role of S protein

S protein has multifaceted functionality defined by its structural orientation and
biochemical composition. The attachment of IBV to a-2,3-sialic acid receptors on the host cells is
mediated by an RBD located on the S1 subunit (281). Moreover, the S2 subunit drives the fusion
of IBV with the cellular membranes and entry into the host cells (309). For Beaudette-type IBV, a
fusion peptide is exposed by the action of serine proteases on a furin activation site. Such a site
comprises a two amino acid conserved motif located 153 amino acids downstream of the S1/S2

cleavage site (381).

27



The role of S protein in determining host specificity and cellular/tissue tropism has been
extensively documented. As IBV diversity is determined by S protein (59, 190), the ability of
certain strains to replicate in specific cell lines or otherwise an inability of the others thereof (269),
is a testament that the host and tissue specificity is directed by S protein. Earlier attempts
documented successful attachment and replication of IBV in heterologous cell culture systems to
propagate IBV (82, 269). However, the syncytial formation was only observed in cultures derived
from avian species (pheasant, quail, turkey, and duck) and viral titers were lower in both avian and
non-avian cultures when compared with chicken embryo kidney (CEK) cell cultures (82).
Although the adaptation, replication, and passaging of IBV in African green monkey kidney cell
line Vero was reported much earlier (93, 118), a relatively recent study has registered mutations
in S protein (along with other mutations) contributing to adaptation and multiplication of IBV in
this atypical host system (27, 314). A study involving S protein histochemistry has revealed that
the S1 attachment blueprints of various strains correlate with their host/cellular/tissue tropism and
define their in vivo pathogenicity potentials. More specifically, as little as 5% variation in amino
acid sequence among S1 proteins of various strains is sufficient to change their avidity toward the
host tissues and sialylated glycans (374). Recent work has documented the relevance of amino
acid sequences in the hypervariable region (HVR) 2 of S1 for recognizing sialylated glycan
receptors in kidneys, thereby differentiating a non-nephropathogenic M41 strain from a
nephropathogenic QX strain (35). Even within Ark-type IBV, a single mutation in the S1 sequence
has been shown to either alter binding specificity or affinity of S1 towards different tissues. This
S protein polymorphism ultimately contributes to the enhanced viral pathogenicity and evasion

from vaccine-induced immune responses (218). Moreover, the immunogenicity associated with
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antigenic epitopes of S protein is of immense significance from the perspective of cross-protection

and vaccine development (62, 216, 264).

3.2. S protein-driven serotype divergence

The characterization of IBV serotype phylogeny is contingent upon the variability of the
amino acid sequence of S1 (55, 56), which further depends on the hypervariability of the S1
sequence (211). The percentage of similarity in the HVR sequences is considered to be a
determinant of serotypic affiliation. Generally, a dissimilarity of about 20-25% in the amino acid
sequence of S1 categorizes the viruses in the different serotypes (2). However, exceptions to this
rule may exist (63). This extended variability and predominance of specific serotypes is a
consequence of the evolutionary routes undertaken by IBV. Genetic diversity and subsequent
selection of the fittest viral populations in the host microenvironment engender different IBV types
and subtypes (128, 349). The generation of genetic diversity involves random mutations
(substitutions, insertions, and deletions) (248, 349) and recombination episodes (185, 208, 210,
215). IBV, like all other coronaviruses, expresses an exoribonuclease protein (NSP14). The
proofreading activity associated with the N-terminal domain of NSP14 removes the mismatches
introduced by RNA-dependent RNA polymerase (111, 253). Despite this proofreading activity,
mutations in the IBV genome can be attributed to a rate of about 2.43x107to 9.77x107
substitutions/site/year depending on the gene (405). Specifically, the importance of S protein as a
determinant of IBV serotype diversity is explained by the presence of a hypervariable region in S1
(59, 211). Particularly, the S1 sequences undergo an enormous rate of substitutional mutations
(2.93x107° substitutions/site/year) (405), as well as recombination (366), thereby contributing to

the genetic diversity.
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A comparison of IBV evolution with other coronaviruses can only stand valid if the genetic
divergence is viewed from the chronological perspective (184), considering that IBV was the first
coronavirus experimentally isolated and extensively attenuated for live vaccination (15, 358).
Interestingly, the rate at which evolutionary changes accumulate within a given IBV serotype may
differ (179). Among eight strains of Massachusetts (Mass) serotype collected over 30 years, a
maximum of 4% difference in S1 nucleotide sequence, and 6% dissimilarity in amino acid
sequence was observed (59). Within the D274 group, seven different isolates of IBV collected over
the span of 8 years, displayed a maximum dissimilarity of about 3% in nucleotide sequence, and a
difference of approximately 5% in amino acid sequences (58). Regardless of the chronological
evolutionary track undertaken by IBV, numerous types and subtypes of regional significance are
prevalent globally (174, 177, 179, 355). The prevalence of Mass, Ark, and additional serotypes

has been extensively documented during the last two decades (6, 99, 105, 292, 346).

3.3. Immunogenic significance of S-ectodomain

The portion of the S protein exposed on the surface of the virion, including S1 and most of
S2, but excluding S2’s transmembrane and cytoplasmic domains has been termed the S-
ectodomain (Se) (51, 282). The implication of S1 for generating neutralizing antibodies has been
established through multiple pieces of evidence showing conformation-dependent neutralization
epitopes (59, 216, 255, 264). Although S2 does not furnish any additional binding site, it has been
shown to enhance the avidity of S1 (282). This increase in avidity is consistent with the
considerable neutralization (more than 100-fold) by monoclonal antibodies directed against an
epitope cluster on S2 (203). Indeed, histochemical analysis of respiratory tissues, kidneys, cecal
tonsils, and cloaca has revealed enhanced binding affinity of Se compared to S1 (113). Although

earlier studies speculated that S2 contains a single linear immunodominant neutralizing epitope
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(172, 203, 216), a relatively recent study involving protein modeling and epitope mapping has

revealed 3 novel epitopes on or proximal to fusion peptide of S2 (9).

A study utilizing IBV expressing the chimeric Se produced using a reverse genetics system
has previously demonstrated the involvement of IBV Se in determining in vitro cellular tropism
and infectivity. Following infection of different target cell-types, the recombinant Beaudette-type
IBV, with genomic sequences of Se replaced by those of donor strain M41-CK, displayed
replication dynamics of the M41-CK (51). Subsequently, an in vivo study revealed that the
expression of virulent M41-CK-type Se from an apathogenic Beaudette-type IBV does not alter
its pathogenic potential (155). Although Se is one of the multitude of factors that can influence
pathogenicity (11), such an approach can be valuable from the vaccine development perspective.
It avoids the concern of reversion to virulence that could occur due to expression of virulent-type
S from apathogenic IBV and allows the concurrent expression of immunogenic epitopes.
Moreover, the induction of significant protection as evaluated by ciliostasis confirms the in vivo
immunogenic potential of the Se (155). Rationally, the recent efforts using a recombinant viral
vector containing Se sequence insert (394) and recombinant Se as a recombinant protein in subunit

vaccine (113) have shown promise.
4. Control of IB

Considering the substantial economic impact of IB on the global poultry industry, control of
the diseases bears enormous significance. From a broader perspective, optimal management
practices, appropriate air quality, calculated bird density, and strict adherence to the all-in/all-out
principle are critical for control of any disease, and IBV is not an exception (17, 175). Biosecurity
is another crucial management tool conventionally employed for disease control. A recent study

compared the levels of integration between two commercial settings and concluded that
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biosecurity could serve as an efficient impediment to IBV transmission (126). Conversely, poor
managemental practices can lead to a rise in the levels of residual ammonia, consequently inducing
pathological changes such as pulmonary edema, congestion, and hemorrhages (8). This
management-originated pathogenesis, together with other bacterial diseases in birds, has been

demonstrated to augment the severity of IB (319, 386).

Moreover, chickens exposed to stress factors related to management and viral infections can
predispose them to immunosuppression (156). Researchers have previously correlated the clinical
and immunological outcomes of IB with the detrimental effects of immunosuppressive diseases
such as chicken infectious anemia and infectious bursal disease (350, 356). Conclusively,
appropriate flock management practices and control of other bacterial and immunosuppressive
diseases are crucial for the control of IB. In recent years, efforts have been made to discover natural
antiviral properties of phytopharmaceuticals to treat IB (180, 256, 385). A novel study
demonstrated an in-silico design and subsequent evaluation of peptides involving the heptad repeat
regions of IBV S. The antiviral activity of these peptides was established using chicken embryo
infectivity and pathogenesis assays (367). Nevertheless, vaccination remains the most extensively
practiced among all the intervention strategies being researched and undertaken by the industry
(289).

4.1. Live attenuated Vaccines

Before the advent of IBV wvaccines, various drugs, air sterilization procedures, and
management practices were tested but remained ineffective (17, 151, 195, 199, 217). Soon after
IB was recognized as a disease different from ILT, experimental efforts were launched to
immunize the birds using bird-propagated IBV (16, 101, 358, 359). Ultimately, successful

cultivation of the virus in embryonated eggs (16, 92) precipitated the concept of IBV attenuation
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via serial passaging and subsequent immunization of the birds (37, 102). Soon after this
revolutionary discovery, propagation of various IBV strains in various cell/tissue/organ cultures
was also documented (69, 78, 93, 118). Moreover, IBV can adapt to the cell cultures as soon as 2-
5 passages, and after only 7 cell culture passages, around 25 amino acid substitutions have been
observed (120, 313). Nonetheless, embryonated eggs have been preferred for viral attenuation due
to the logistics and economics of propagation. Subsequently, the applicability of attenuated
vaccines in commercial settings was reinforced with the concept of mass spray and micronized
dust vaccination (242, 279). Although the concept of embryo attenuation was quite innovative
back in the mid-20" century, the detrimental effects of live attenuated vaccines remained
unanticipated. While attenuated vaccines have been demonstrated to effectively protect the birds
by reducing the Ro (a disease transmissibility measure) from >19 to 0.69 (100), recent studies have
elucidated their role in viral evolution and emergence of vaccine-derived strains (128, 179, 248,
349, 360). Earlier attempts using polymerase chain reaction (PCR) and restriction fragment length
polymorphisms (RFLP) followed by phylogenetic analysis revealed an S1 amino acid sequence
dissimilarity of about 0.6% between attenuated and pathogenic IBV 4/91 (49). Subsequent studies
indicated disparities in S1 sequence within the vaccines developed by different manufacturers
against one IBV serotype, among different serial numbers, and in subpopulations within one vial
of vaccine (248, 360). Ensuing live vaccination, spontaneous mutations have been documented,
leading to distinct viral subpopulations and subsequent selection (64, 248, 347). Moreover, major
or minor vaccine virus populations can supply genetic material for recombination of vaccine
strains with field strains, thereby fostering the emergence of IBV variants. For example, genomic
sequencing has suggested that the emergence of Arkansas Delmarva poultry industry (Ark-DPI)

strain originated from mutations and recombination between Connecticut (Conn) vaccine strain
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and field strains (7). Moreover, the control of IB through vaccination is hampered by serotype
diversity (179). Vaccination against one IBV serotype provides little or no cross-protection when
challenged with another serotype (213, 348). Therefore, diverse attenuated vaccines have been
developed to protect chickens against numerous divergent types. Unfortunately, these vaccines
also end up in regions without substantial evidence supporting the prevalence of the serotype that
would justify the use of that vaccine i.e., introducing previously exotic serotypes into certain
regions (121, 125, 252). Although these haphazardly introduced genotypes may disappear when
vaccination is discontinued (125), novel IBV variants could emerge through recombination of
genetic material furnished by the previously foreign vaccine strains (348). Furthermore, live
attenuated vaccines are subject to reversion of virulence. For example, genomic analysis has
provided putative evidence that H120, an extensively used and well-advocated IBV vaccine (28,
81), undergoes recombination and reversion to virulence (399). Moreover, enhanced transmission
and persistence of IBV has been established following vaccination with H120, compared to
vaccination with IBV M41 (246), providing another example of several drawbacks associated with
attenuated vaccines.
4.2. Inactivated vaccines

Although initial attempts of physical or chemical inactivation of IBV using phenol,
formalin, and ultraviolet irradiation remained unsuccessful, the first available report of effective
inactivation described the use of beta-propiolactone (BPL). While the inactivated IBV induced
serum neutralizing antibodies, the protection determined by clinical signs following challenge was
insufficient (72). The principle of using BPL-inactivated IBV was further extended to develop the
first commercially available inactivated IBV vaccine (Iblin®) using a British Mass-type strain.

While egg production was established as a protection determinant instead of disease resistance
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(22, 23), the reliability of such an approach was challenged through substantial experimentation
(163, 250, 377). For example, an experiment revealed partial protection of the reproductive organs
and no respiratory protection at all when challenged with M41 even after 2 or 3 vaccinations (250).
Furthermore, an experiment evaluating the immunogenicity of this inactivated vaccine indicated
suboptimal serum neutralizing antibody levels (neutralization index<2.0) against the Mass and
Beaudette strains isolated in the United States (377). Another detailed study involving analysis of
respiratory signs, histopathological lesions, viral isolation, and serological evaluation revealed a
lack of immunity following vaccination with the Iblin® vaccine (163). Additionally, an
independent study concluded that the presence of neutralizing antibodies following an IBV
immunization attempt could not be correlated with disease resistance (285). Considering all these
studies, it can be inferred that the very first commercially available inactivated vaccine (Iblin®)
lost its scientific credibility (163, 250, 377). During the same era, a BPL-inactivated vaccine using
IBV strain 33 was prepared and was claimed to reduce viral isolation post-challenge when
administered through a combination of aerosol and subcutaneous routes. However, insignificant
reduction in clinical signs and short duration of immunity indicated poor protection levels (84).
Another attempt involving aerosol administration of BPL-inactivated viruses resulted in
insignificant antibody levels and absence of resistance to infection upon challenge with IBV M41
(83). Subsequent studies indicated poor immune responses elicited by inactivated monovalent and
bivalent oil emulsion or BPL-inactivated preparations when administered as primary IBV vaccines
(80, 135). Therefore, a combined strategy, using attenuated vaccines as primers and inactivated
vaccines as boosters, was suggested (36, 122, 135, 343). While it was argued that slower but
persistent humoral immunity thus acquired was better suited for layers and breeders, a weaker cell-

mediated immune response was observed with inactivated vaccine despite  higher
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hemagglutination inhibition (HI) titers (343). These findings greatly reduce the scope of
inactivated vaccines, as studies have widely established the significance of T-lymphocytes and
their memory responses in controlling IBV infection (77, 276, 303). While a recent attempt has
demonstrated higher granzyme homolog A mRNA level expression following challenge of
chickens vaccinated with inactivated vaccine compared to those of the unvaccinated group
following challenge, both tracheal and renal CD8+ marker mRNA levels were not statistically
significantly different from those of the unvaccinated group post-challenge (296). Although the
constituent pathogens of inactivated vaccines do not interfere with each other even in trivalent
forms (268), a time- and strain-dependent interference between live attenuated and oil emulsified
vaccines has been demonstrated. Specifically, priming with the more aggressive attenuated strain
(H52) resulted in suboptimal immunogenesis by the inactivated booster vaccine (36). Interestingly,
serological analysis revealed low IgG quantities upon single intramuscular vaccination with oil
emulsified vaccine (OEV) and negligible IgM levels in birds primed with a live vaccine and
boosted OEV (244). Moreover, evidence of antigenic persistence and microscopic lesions has been
demonstrated following an administration of an inactivated vaccine (212). Although more recent
efforts have incorporated various immunostimulatory adjuvants such as chitosan (230) and
pustulan (214), cell-mediated immune responses seem to be either overstated or irrelevant. For
example, following vaccination with chitosan-encapsulated nephropathogenic IBV (IBV-CS), the
renal interferon-y (IFN- y) mRNA levels were not significantly different in any of the vaccinated
or non-vaccinated groups on 1, 5 and 11-days post-infection (dpi). Moreover, tracheal IFN- y levels
were not significantly increased following single vaccination with inactivated IBV-CS.
Additionally, humoral responses were controversial as IgA levels 11dpi for inactivated IBV-CS

group were similar to non-vaccinated (NV) group and IgG levels of NV group were higher than
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IBV-CS group (230). Thus, inactivated vaccines confer inadequate immunity, and the prerequisite
of live priming makes this vaccination alternative less appealing. In addition, parental
administration of inactivated vaccines induces stress and occasional local tissue damage/reactions.
From a commercial perspective, inactivated vaccines heighten the cost of production due to higher
amounts of antigen required, the necessity of skilled vaccinating workforce and sterile equipment
(75).

4.3. Recombinant vaccines

Novel vaccine alternatives include subunit vaccines, DNA vaccines, and viral vectored

vaccines.
4.3.1. Subunit vaccines

With the advancement and increasing convenience of the expression systems, subunit
vaccines involving IBV peptides of immunological significance have been tested experimentally.
For example, linear epitopes of B- and T-cells eliciting immune responses against IBV have been
produced as fusion peptides, using an Escherichia coli (E. coli) expression system. Following
administration of such a multi-epitope peptide vaccine, a higher viral neutralizing titer was
observed. Although augmented CD3"CD4" populations were observed, CD8" cells were as low as
10% (383). On the contrary, studies have demonstrated that although CD4" cells are produced in
response to IBV infection (356), CD8" cells are more relevant in protection against IBV (303).
Another study demonstrated 50% protection induced by three consecutive immunizations with

recombinant S1 expressed by a recombinant baculovirus (321).

To enhance the immunogenicity of these subunit vaccines, the use of a -1-6-glucan, namely
“pustulan”, has been suggested. Interestingly, an administration of pustulan-adjuvanted

recombinant IBV N protein enhanced recall response of antigen-specific CD4+ cells but not that
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of CD8" cells (214). Although pustulan elicited an enhanced in vitro MHC-II and cytokine
expression, an in vivo assessment of its efficacy was not determined (214). Recently, a recombinant
soluble trimeric Ark-type Se was produced in human embryo kidney 293T cells and was proven
to protect the birds against homologous challenge (113). Although the adjuvant (Montanide™ ISA
71 VQG) used in the subunit vaccine has been shown to enhance both humoral and cell-mediated
immunity in other experimental settings (181, 182), cellular and virus-neutralizing antibodies were
not analyzed in this particular study (113). Subunit vaccines must be delivered parenterally. Thus,
their use is restricted to smaller chicken populations such as layer and breeder hens. Individual

injection is neither economically nor logistically feasible in large broiler operations.
4.3.2. DNA vaccines

One of the earliest attempts to develop a DNA vaccine against IBV encompassed
identification and expression of cytotoxic T-lymphocyte (CTL) epitopes located in the carboxy
terminal portion of the N protein. However, viral quantification following challenge revealed
retention of the challenge virus in the lungs up to 2.5 logio of 50% embryo infective dose (EIDso).
Moreover, poor IgG response was observed due to specific targeting of CTL-epitopes of the N
protein instead of neutralizing epitopes of S protein (304). Subsequently, another attempt involved
in ovo and IM administration of recombinant DNA expressing Ark-type S1. However, in ovo
vaccination demonstrated incomplete protection without a subsequent administration of a live
vaccine and induced antibody levels similar to unvaccinated controls. Moreover, dual IM
vaccination not only required a higher total amount of DNA vaccine (450ug), but also generated
poor antibody titers. IM vaccinated groups exhibited viral clearance 10 days post-challenge (DPC)
and not 5 DPC (191). However, viral titers naturally begin to decline 5 DPC (48). More recently,

DNA vaccines expressing multiple epitopes have been developed (14, 336, 342, 382). For
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example, a chimeric DNA expressing seven epitopes of S1, S2 and N proteins was developed. The
vaccine candidate failed to elicit significant ELISA antibody levels. Perhaps, the antibody values
were underestimated, as the commercial plate used for ELISA was coated with an antigen from a
serotype different than that expressed by the plasmid (342). A multivalent DNA vaccine consisting
of 3 plasmids each containing S1, M or N protein sequences provided 85% protection against a
challenge of 100 EIDso (382). Similar DNA plasmids expressing S1, M and N proteins induced
80% protection when chickens were boosted with inactivated vaccine and challenged with 100
EIDso of IBV (138). Because DNA vaccines have shown limited efficacy, some researchers have
used a plasmid expressing cytokines such as interleukin-2 (IL-2) (338) or granulocyte-macrophage
colony-stimulating factor (GM-CSF) (333). However, these studies challenged chickens with
either 107 (333, 338, 342, 382) or 10° (138) EIDso and evaluated viral loads as late as 14 DPC (138,
342, 382). Measuring vaccine induced protection using low challenge dosages and at time points
beyond 5 days casts doubts upon the actual effectiveness of these vaccine candidates (48). Some
researchers have speculated that multivalent vaccines (186, 382) or those expressing several
epitopes (336, 342, 383) from a plasmid could impact the efficacy of DNA vaccines by exhausting
the host cell machinery, rendering more cellular stress and inducing tissue damage (302). A non-
parenteral vaccine delivery approach involved oral and nasal delivery of IBV S1 and N expressing
plasmids through attenuated Sa/monella. However, the highest IgG levels generated by these
plasmids 3 weeks post-boost were 3-4 times lower compared to those elicited by attenuated
vaccines (186). More recently, a nano-carrier adjuvant system has been introduced for intranasal
administration of IBV DNA vaccines. Although the CD8+ cell population was enhanced in the
group immunized with the adjuvanted DNA vaccine, no detectable increments in IBV-specific IgA

and IgY were detected even 20 days post-vaccination (DPV) (65). In a very recent study, a
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consensus S protein-coding sequence was cloned into a plasmid and enhanced cellular responses
were determined by IFN-y and IL-2 assays. However, IBV-specific IgY levels were below
threshold value through 14 DPV (413), which indicated poor humoral responses with single
vaccination. Moreover, the cost-effective plasmid construction and large-scale production
possibilities have not been explored for DNA vaccines. Therefore, it can be concluded that most
of the DNA vaccines reported thus far not only confer inadequate protection regardless of the route
of administration, but also implicate commercial, logistic, and animal welfare challenges, which

necessitates the need for alternative vaccine candidates.
4.3.3. Homologous virus-vectored vaccines

Initial endeavors exploring the potential of IBV as a vector involved the development of a
defective IBV RNA through mutagenesis (278). Since then, recombinant IBV (rIBV) has been
experimentally tested as a vector for vaccination against IB (155, 198, 372) as well as Newcastle
disease (384). rIBV has been determined to undergo very rapid genetic instability (arising as soon
as passage 5) is associated with deletions around certain TRSs, and codon optimization can lead
to a significant reduction in translation efficiency (18). While the first attempt employing rIBV
indicated protection induced by a recombinant Beaudette-type IBV expressing S protein of M41
(BeauR-M41-S), similarity in viral titers, nasal discharge, and snicking 6 DPC between parent
Beau-R and BeauR-M41-S vaccinated group was questionable (155). In another stu, chickens were
inoculated in ovo with BeauR-M41-S and a turkey herpes virus expressing IL-2 was demonstrated
and were challenged with 10° EIDso of IBV. However, the study neither involved histopathological
analysis of embryos to determine safety of injecting two viruses in ovo nor the viral RNA
quantitation to determine protection post-challenge (340). Briefly, contemporary studies have

indicated insufficient protection conferred by rIBV against homologous (115) and heterologous
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(198) challenges. Regardless of the protective immunity, rIBV as a vaccine virus could introduce
genetic material for recombination with field viruses, thereby presenting complications no
different than a live attenuated vaccine.
4.3.4. Heterologous virus-vectored vaccines

An initial investigation described using recombinant vaccinia virus expressing IBV S in mice
that elicited low but measurable antibodies three weeks after the first vaccination. Unfortunately,

the study was not replicated in chickens, the most important host of IBV (344).

Several studies (67, 315, 370, 390) have demonstrated varying levels of protection induced
by recombinant fowlpox virus (rFPV) expressing the IBV genes. In the early 2000s, subcutaneous
administration of rFPV expressing the 119 C-terminal amino acid residues of the N protein failed
to protect against 10° EIDso IBV challenge (390). Two similar studies evaluated protection
provided by rFPV expressing IBV S1 and IFN-y against homologous (370) or heterologous (315)
challenge. However, histopathological analyses showed tissue damage in all the vaccinated groups
after a homologous challenge. Viral isolation from tracheal swabs indicated susceptibility in 60%
of vaccinated chickens. Ironically, rFPV expressing both S1 and IFN- y exhibited lower antibody
levels compared to that expressing only S1 (370). The same recombinant construct did not induce
sufficient protection against distantly related strains. Protection of 70-75% against closely related
strains was attributed to CD8+ cell populations. Viral isolation 6 DPC 60% protection (315).
Chickens vaccinated with rFPV expressing S1 and IL-18 were protected against IBV challenge
with 100 EIDso (67). However, the challenge dose used was below international standards for
vaccine evaluation (267). Limited efficacy of vaccination with rFPV expressing IBV antigens
could be attributed to the fact that FPV does not elicit mucosal immunity in the respiratory tract,

thereby allowing initial IBV replication when chickens are challenged via a respiratory route (390).
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Moreover, the large size of the rFPV genome results in the expression of proteins immunologically

irrelevant to IBV immunity (168) and, more importantly, an exhaustion of host cellular resources.

Other experimental viral vectors that have been used to express IBV antigens include
recombinant adenoviruses (rAdVs) (187, 351, 396, 397), Marek’s disease virus (rMDV) (398),
duck enteritis virus (rDEV) (222), and Newcastle disease virus (rNDV) (1, 317, 335, 352, 394,
401). An initial effort using recombinant fowl adenovirus (rFAV) resulted in 80% renal and 70%
tracheal protection protection against IBV. However, antigen ELISA revealed tracheal protection
of 62.5% and 92.5% in chickens vaccinated at day zero and day 6 of age, respectively. Such
differential protection can be attributed to intereference by MDAs, as the chickens used were
MDA-positive (187). A replication-defective recombinant human adenovirus (RD-rAdV)
expressing S1 induced protection when administered intramuscularly (351). Similarly, an RD-
rAdV co-expressing S1 and GM-CSF injected in ovo (396), has been shown to provide protection.
The replication deficiency precludes virus-induced pathology in the vaccinated individuals and
transmission among different hosts (396). However, a greater initial dosage requirement (351), a
potential of recombination with modified or wild-type adenoviruses (232, 396), and
incompatibility with mass vaccination methods restrict their applicability in commercial settings.
Following vaccination with rMDV expressing S1, pre-challenge antibody levels barely reached
detection threshold levels (398). Further work is needed to establish these viral vectors as
convincing candidates for IBV control.

4.3.5. Recombinant NDV

Since the first successful recovery of genetically modified NDV from cloned ¢cDNA (275),
NDV has been evaluated as a vector for vaccination against avian (166, 169, 200, 260, 352, 391,

394), mammalian (207), and human viruses including SARS-CoV-2 (331). NDV lentogenic strains
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B1 and LaSota have been extensively used worldwide to prevent NDV outbreaks. Because NDV
effectively replicates in epithelial cells of the upper respiratory tract, INDV closely resembles IBV-
infection and generates both humoral and mucosal immune responses when administered via
mucosal routes (317, 352, 394). Previously, researchers have demonstrated construction and
evaluation of recombinant LaSota (rLS) expressing IBV S1 (401), S2 (114, 352), S (1, 317, 318),
and Se (394). However, single vaccination with rLS expressing S1 induced insufficient protection
(401). While a combination of rLS expressing Ark S2 (rLS/S2) and live Mass-type IBV conferred
protection against homologous challenge (352), only limited protection was detected against a
heterologous challenge (114). A significant reduction in viral titers was demonstrated in birds
immunized with rLS expressing S (rLS/S) at 4 weeks of age. However, such a decrease was not
observed upon vaccination in day-old chicks followed by a challenge dose as low as 10° EIDso
(317). Recently, the same researchers argued that rLS could induce clinical signs and was “not
safe” for chicken embryos. Therefore, a chimeric INDV was developed by replacing fusion and
HN genes of NDV with those of a less pathogenic avian paramyxovirus serotype-2. However,
neither single nor prime-boost vaccination with the chimeric INDV reduced post-challenge viral
loads (318). A thermostable NDV expressing three epitopes of S1 was evaluated for protection
against IBV and NDV. The protection parameters included survival rates (335), which is of limited
relevance because the IBV M41 does not cause heavy mortality in experimental settings (319).
Additionally, an evaluation of viral load quantification, histopathology, cellular and humoral
responses could have better explained the potency of this vaccine (267). Therefore, use of rLS
expressing Se (rLS/Se) overcomes the concerns described above. rLS/Se has been shown to confer
partial protection after single vaccination and moderate protection after booster-vaccination (394).

rNDV has been shown to express more than one foreign gene while retaining growth kinetics and
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immunogenicity as well as the low pathogenicity of the parent virus (146, 167). Accumulating
evidence indicates enhancement of vaccine effectiveness using inserts expressing various
cytokines (67, 333, 338, 340). We hypothesized that co-expression of granulocyte-macrophage
colony stimulating factor and IBV Se from rLS/Se would enhance the vaccine efficacy.
5. Granulocyte-macrophage colony stimulating factor (GM-CSF)

The granulocyte-macrophage colony-stimulating factor (GM-CSF or CSF-2) is an immune
mediating molecule that regulates the production, differentiation, and function of immune cells,
including granulocytes and macrophages. GM-CSF plays a central role in generating a robust

immune response by stimulating proliferation of multipotent stem cells (43, 251).

Metcalf and Burgess first purified GM-CSF in 1977 from a lung-conditioned medium and
later utilized to stimulate mouse bone marrow cells in vitro (42). The basic properties of the
protein, such as molecular weight, glycoprotein composition, and effects of the stimulation at
various concentrations, were determined.

5.1. GM-CSF gene and protein structure

In humans, complete gene encoding GM-CSF comprises ~ 2.5 kilo-base pairs (kbp) which

includes 3 introns (196). The mRNA encoding chicken GM-CSF consists of 435 nucleotides

(GenBank accession no. AJ621253).

The chromosomal locus of the genes encoding GM-CSF depends on the species. In mice, it
is encoded by genes located on chromosome 11 and is linked with those encoding IL-3 (324).
While human GM-CSF gene is found on chromosome 5, precisely at 5q21-32 (170), GM-CSF is
encoded in a T helper type 2 (Th2) -associated cytokine-encoding cluster found on chromosome
13 in chickens (13). Mutations in these genes lead to abnormal hematopoiesis and tumors (161,

387).
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Being a member of the hemopoietin family, GM-CSF is a monomeric glycosylated protein
comprising a bundle of four a-helices and two strands of anti-parallel B-sheet (293). In case of
both humans (GenBank accession no. AAA98768) and chickens (GenBank accession no.
ACHR86023), GM-CSF consists of 144 amino acids. Chicken GM-CSF has a 19% amino acid
sequence homology with human and murine counterparts (13). The glycosylation of the GM-CSF
is heterogeneous. The total molecular weight ranges from 14 to 35 kDa and depends on the species

and degree of glycosylation (290).
5.2. GM-CSF expression and transcriptional regulation

A conserved consensus sequence was identified in the 3’ untranslated mRNAs encoding GM-
CSF and other cytokines (312). After activation of T-cells, transient mRNA accumulation was
observed due to increased transcriptional activity and stabilization of mRNA. The regulation of
GM-CSF expression depends on a putative TATA box present in the promoter region upstream of
both murine and human GM-CSF genes (254). The promoter of chicken GM-CSF does not differ
much from human GM-CSF, except in NF-kB binding site (13). The transcriptional regulation by
the cytokine consensus sequence (CK-1), nuclear factor kappa B (NF-kB), NF-GMa has been
reported (310, 311).

5.3. GM-CSF receptors and signaling

The GM-CSF receptor (GM-CSFR) is a heterodimer constituted by a ligand-specific a-subunit
and B-subunit shared with IL-3 and IL-5 receptors (97). Structural characterization of both subunits
revealed type 1 transmembrane glycoprotein domains. On hematopoietic cells, GM-CSFR is
expressed at minimal levels, about 100-1000 molecules per cell. The interaction of GM-CSF and
its receptor involves three positions. The first is GM-CSF and GM-CSFRa, the second interaction

involves GM-CSF itself and two domains of GM-CSFRc, and the third is a stabilizing site formed
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between GM-CSFRa and GM-CSFRPc (143). The signal transduction through the receptor
overlaps with the interferon production regulator family. After binding of GM-CSF with the
receptor, a cascade of reaction involves the activation of kinases followed by phosphorylation of
signal transducers and transcriptional activators of cellular differentiation. Ultimately, this
signaling cascade induces the proliferation and inflammatory responses by mitogen-activated

protein kinases (MAPK) and NF-kB activation (68, 245).
5.4. Cellular production of GM-CSF

In response to specific activating signals such as antigens, microbial products, inflammatory
molecules, and co-stimulatory cytokines, GM-CSF can be produced by different immune cell types
(129). Immune cells such as T-cells, macrophages, fibroblasts, endothelial cells, and mast cells
can be induced to accumulate GM-CSF mRNA and translate it into GM-CSF protein. Cytokine
stimuli such as interleukine-1 (IL-1) and Tumor Necrosis Factor-alpha (TNF-a) act on endothelial
and fibroblast cells (257, 412). Various antigens, lectins, CD28, and IL-1 act as stimuli for T-
lymphocytes and lead to GM-CSF production (147, 375). Some inflammatory cytokines such as
IL-10, IL-4, and IL-27 inhibit GM-CSF production (316). It can be detected at serum
concentrations from 20-100pg/100ml under physiological conditions. However, after stimulation
through antigens and cytokines, higher serum concentrations are observed (79). Unlike human

GM-CSF, expression of chicken GM-CSF has been observed in B-lymphocytes (13).
5.5. Target cells

GM-CSF acts on various immune cells and leads to the activation and maturation of
monocytes, dendritic cells, eosinophils, neutrophils, T cells, and B cells (42, 142). In addition, it
has a particular affinity for dendritic cells and can generate alveolar macrophages from monocytes

(152, 270).
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5.6. Diversity of functions

GM-CSF has an essential position in both innate and adaptive immune responses (124). It has
a significant role in the survival, proliferation, differentiation, and function of myeloid lineage
cells (141). Particularly, a broad range of action through its lymphoid regulatory mechanisms
enables the communication between innate and adaptive immune signals (124). Due to its
demonstrated potential to affect multiple cell lineages, its role as a pro-inflammatory cytokine is
central to its immunomodulatory function (112, 357). It also establishes phagocytic activity against
some microbes (20, 21, 76). Some researchers suggest that GM-CSF promotes immunological
tolerance through its immuno-regulatory activity (192, 204, 272). Like some other cytokines, GM-
CSF has also been observed to modulate anti-tumor response along with enhanced infiltration of
DCs and macrophages into the cancerous cells (12). However, the duality of function exists, and
the immune response is considered to be dose and context dependent similar to other cytokines
(26, 307).
5.7. Disorders associated with GM-CSF

Apart from stimulation of productive immune responses, GM-CSF can lead to disorders of
varying severity. Dysregulation of GM-CSF may lead to pathogenic invasion of phagocytes and
central nervous system disorders (322). In addition, it has been described to drive dysregulated
hematopoietic stem cell activity. Moreover, pathogenic myeloid cell proliferation and toxic
neutrophil accumulation in experimental spondyloarthritis have also been observed due to GM-
CSF (291). Others have described defective expression of GM-CSF receptor (CD116) leading to
inflammatory bowel disease (133). Moreover, the presence of GM-CSF autoantibodies leads to
impaired antimicrobial function of neutrophils (353). The deficiency of GM-CSF has also been

demonstrated to exacerbate atherosclerosis (104).
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5.8. GM-CSF in cancer immunotherapy

The antitumor activity of GM-CSF relies on the presentation of tumor antigens by dendritic
cells (DCs) to helper and cytotoxic T lymphocytes in the lymph nodes (233). Researchers have
used irradiated tumor cells engineered to secrete GM-CSF to stimulate long-term antitumor
immunity (108). A recombinant Newcastle disease virus expressing GM-CSF has also been
demonstrated to enhance the efficacy of anti-tumor vaccines in vitro (183). DCs remain at the
center of antitumor therapies mediated by GM-CSF. However, they need an ideal adjuvant to
mature. Although DCs are the antigen-presenting cells in antitumor activity, they drive the
production of T-regulatory cells (T-regs), which are responsible for self-tolerance. Therefore, the
addition of an adjuvant is necessary to activate DCs through immunotherapy to launch a robust
immune response (94). A recombinant human GM-CSF (rhGM-CSF), derived from yeast and
known as sargramostim (Leukine®), has been shown to enhance the survival rates of patients with

melanoma when used as an adjuvant (323).
5.9. GM-CSF as a vaccine adjuvant/recombinant insert

GM-CSF has been demonstrated to supplement the efficacy of vaccines against several human
(5, 41, 183, 271, 284), non-avian animal (10, 109, 408, 409) and avian diseases (137, 368, 369),
including 1B (333, 396). For example, expression of GM-CSF at a supra-physiologic level after
influenza A virus infection has been shown to prevent mortality in transgenic mice (140). In
addition, GM-CSF and flagellin expressed by an intramuscularly and orally administered
recombinant rabies virus has exhibited significantly better protection compared to parent virus
control (409). Moreover, expression of either IL-3 or GM-CSF from a plasmid vector expressing

swine classical fever virus E2 antigen enhanced protection against challenge (10). To prevent other
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non-avian animal diseases, GM-CSF has been utilized to enhance vaccine efficacy against porcine
reproductive and respiratory syndrome virus (223) and foot and mouth disease virus (109).

Among avian diseases, GM-CSF has enhanced immune responses against influenza (137,
369) and Newcastle disease (368, 389). Irrespective of the managerial inadequacies (discussed in
4.3.2 and, 4.3.4) associated with recombinant DNA (333) and rAdV (396) vectors expressing GM-
CSF, the insertion of GM-CSF genes in the recombinant constructs enhanced the immune response
compared to the relevant controls (333, 396).

Therefore, considering its diversified functionality in immune modulation and an established
track record of vaccine potentiation, we hypothesized that co-expressing GM-CSF and Se from an

rLS vectorconfers enhanced protection against IBV.
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Introduction

Worldwide infectious bronchitis virus (IBV) remains a major cause for economic losses in the
poultry industry. IBV’s evolutionary success relies on genetically diverse populations, which allow
for quick adaptation to changes in selective pressure (349). The increasing number of Arkansas
(Ark) vaccine-like viruses isolated from outbreaks of disease in chickens vaccinated with
attenuated Ark, shows that live vaccine viruses augment the likelihood of recombination events
and subsequently increases IBV’s diversity and the virus’ fitness in the environment (128, 179,
248, 360). In addition to virus populations originating directly from vaccine viruses, accumulating
evidence shows that subpopulations also emerge from wild Ark viruses as result of immune
selection in vaccinated chickens (132, 347, 393). Use of recombinant IBV type-specific vaccines
instead of varying serotype live vaccines in the poultry industry should reduce emergence of novel

IBV.

Unfortunately, expression of the IBV spike (S) S1 or S2 subunits from different viral vectors
has shown varying protection levels against IBV challenge (114, 351, 352). Somewhat better
results have been obtained using the whole S (1, 317) or the S ectodomain (Se), i.e. S1 extended
by the S2 ectodomain (394). Expressing only the Se, which cannot be inserted into the viral
envelope in a recombinant viral vector, has the advantage over expression of the complete S
protein, in that it avoids the concern that the expression of the IBV S protein on the surface of the
virus vector could have the potential to extend its tropism.

Insertion of foreign genes in recombinant Newcastle disease virus (NDV) LaSota (rLS)
exhibits multiple advantages for vaccination of commercial broilers including safety, stability, and
suitability for mass-administration. At the same time, chickens vaccinated with rLS are protected

against NDV (391, 402). Insertion of the IBV S gene into the rLS genome reduces the virus’
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virulence to the level of the mild NDV Hitchner B1 vaccine, thus allowing safe vaccination of
young naive chickens (352, 394). Although vaccination with IBV S expressed from rLS
(rLS/IBV.S) has shown promising results, the conferred protection against IBV challenge is still
suboptimal. Shirvani et al. (317) reported protection in chickens vaccinated with rLS/IBV.S but
reduction in virus shedding when chickens were vaccinated at one-day of age was dependent on
route of challenge. Similarly, single-dose vaccination in one-day-old SPF chickens with rLS
expressing a codon optimized IBV S provided significant protection against clinical disease after
IBV challenge but did not reduce tracheal virus shedding (1). We previously developed rLS
expressing the IBV Ark-type S-ectodomain (rLS/ArkSe), that is, the S protein excluding the
transmembrane anchor and short cytoplasmic domain of S2 that is not shown to the immune system
during infection. Vaccination with a relatively high dose (107 EIDso/bird) of rLS/ArkSe reduced
signs and tracheal lesions in chickens but did not decrease the viral load in tear fluids of challenged
chickens. The high dose required for protection also makes this vaccine unappealing for the
industry.

Others have demonstrated that DNA vaccines co-administered with plasmid cytokine
adjuvants increase humoral and cellular immune responses in vaccinated animals (71, 109, 164).
The cytokine granulocyte-macrophage colony-stimulating factor (GMCSF) enhances immune
responses by attracting macrophages and inducing their maturation, thus resulting in increased
antigen presentation (149). Accumulating evidence indicates a strong effect on differentiation and
maturation of dendritic cells as well as expression of MHC and co-stimulatory molecules (123,
173, 316, 341) resulting in enhancement of antigen-specific humoral and cellular immune
responses. For example, simultaneous inoculation with plasmid DNA expressing GMCSF has

been reported to increase protection against classical swine fever virus (10), herpes simplex virus
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(271), and foot-and-mouth disease virus (109). Prime and booster vaccination with both plasmids
carrying the S1 gene of IBV and the chicken GMCSF gene have shown significant enhancement
of humoral and cellular responses in chickens compared to vaccination with S1 plasmid alone
(333). Recombinant human adenoviruses (rAd) expressing chicken GMCSF and the S1 gene of a
nephropathogenic IBV strain have been shown to confer enhanced protection against homologous
IBV challenge in chickens. Chickens vaccinated with rAd-S1 fused or co-administered with
GMCSF showed reduced nephropathy and 100% protection compared to 70% protection in

chickens vaccinated with rAd-S1 alone (396).

We developed rLS co-expressing the Se of an Arkansas (Ark)-type IBV and chicken GM-
CSF (rLS/ArkSe.GMCSF). We initially compared the effectiveness of the construct containing
GMCSF versus a previously produced construct expressing Se only (rLS/ArkSe). Because live
vaccines belonging only to the Massachusetts (Mass) serotype have been licensed in most
countries worldwide, in a second trial we explored enhancing cross-protection of an attenuated
Mass vaccine in a prime-boost vaccination regime with rLS/ArkSe.GMCSF. If confirmed, this

strategy would provide protection against regional IBV types using tailored rLS.

Materials and methods

Chickens. White leghorn chickens were hatched from specific pathogen-free (SPF) embryonated
eggs (Wayward Acres, Pickens, SC) and maintained in Horsfall-type isolators in biosafety level 2
facilities. Experimental procedures and animal care were performed in compliance with all
applicable federal and institutional animal care and use guidelines. Auburn University College of
Veterinary Medicine is an Association for Assessment and Accreditation of Laboratory Animal

Care (AAALAC International)-accredited institution.
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Challenge virus. The previously characterized virulent Ark-type IBV strains with GenBank
accessions # DQ458217 (350) and #JN861120 (127) were used in experiments 1 and 2
respectively. Challenged viruses were titered in SPF embryonated chicken eggs as accepted (362)

with some modifications previously described (131).

Generation of rLS containing chicken GM-CSF and IBV Ark S-ectodomain (Ark.Se) genes.
The previously generated pLS-I-RFP-GFP plasmid (146) was used as a backbone to clone the
chicken GMCSF and IBV Se genes into the NDV LaSota genome through two-steps of cloning.
First, a DNA fragment encoding the C-terminal 126 amino acids (aa) of the chicken GMCSF
protein (19-144 aa, GenBank: GQ421598.1) was commercially synthesized with codon-
optimization for chickens (GeneScript, Piscadaway, NJ, USA). The synthesized chicken GMCSF
fragment was amplified by PCR with a pair of gene-specific primers and cloned into the pLS-I-
RFP-GFP vector to replace the RFP gene using an In-Fusion® PCR Cloning Kit following the
manufacturer’s instructions (Clontech, Mountain View, CA, USA). Secondly, the resulting
plasmid, pLS-GMCSF-GFP, was used as a vector to clone the IBV Se gene into the LaSota
genome. The Ark-type IBV S-ectodomain (S1 + S2 lacking the transmembrane domain and
cytoplasmic tail) gene was amplified by PCR with a pair of gene-specific primers from a
previously generated plasmid pLS/ArkSe (394) and cloned into the pLS-GMCSF-GFP vector to
replace the GFP gene using the In-Fusion® PCR Cloning Kit. The sequences of the primers used
for the foreign gene amplification and the In-fusion PCR cloning in this study are available upon
request. The final resulting plasmid, pLS-GMCSF-ArkSe, was used to rescue the recombinant
virus using the reverse genetic system as described previously (117). The rescued recombinant

virus, designated as rLS/GMCSF/ArkSe, was propagated in chicken embryonated eggs two more
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times. The allantoic fluid harvested from infected embryos at the third egg passage was aliquoted

and stored at -80 C as a stock.

Virus titration, pathogenicity assessment, and sequence analysis. The rLS/ArkSe.GMCSF and
the rLS virus stocks were titrated both by standard hemagglutinating activity (HA) test in a 96-
well microplate and 50% egg infective dose (EIDso) determination in 9-day-old SPF chicken
embryos (3). Pathogenicity of the viruses was assessed by standard procedures; i.e. mean death
time (MDT) in chicken embryos and intracerebral pathogenicity index (ICPI) in one-day-old SPF
chickens (3). The nucleotide sequences of the rL.S/ArkSe.GMCSF virus were determined by
sequencing the RT-PCR products amplified from the viral genome as described previously to

confirm the sequence fidelity of the rescued virus (166).

Expression of the IBV S-ectodomain protein. DF-1 cells were infected with the
rLS/ArkSe.GMCSF virus and examined by immunofluorescence assay (IFA) with a polyclonal
anti-Ark-type IBV chicken serum as described previously (402) with minor modifications. An
NDV-specific monoclonal antibody against the HN protein (kindly provided by Dr. Ron Iorio,
University of Massachusetts Medical School) was included in the IFA to detect the NDV HN
protein as an NDV infection control. After incubation with primary antibodies (anti-IBV and anti-
NDYV HN) and secondary antibody conjugates (Alexa Fluor® 568 conjugated goat anti-mouse IgG
and FITC-labeled goat anti-chicken IgG), and washing with PBS, infected cells were stained with
DAPI (300nM) (Thermo Fisher Scientific, Waltham, MA) at room temperature for 5 min as an
extra step of the IFA to show DF-1 cell nuclei. Cytopathic effect (CPE) and fluorescence images
were monitored/photographed using an EVOS FL Cell Imaging System (Thermo Fisher Scientific,

Waltham, MA) at 400X magnification. Green-, red-, and blue-fluorescence images taken from the
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same field of virus-infected cells were merged into a single image to examine the co-localization

of the IBV Se and NDV HN proteins.

Experimental design. Two experiments were conducted to evaluate the extent of protection. In
experiment 1, we compared protection conferred by single vaccination with rLS expressing Ark
Se (rLS/Ark.Se) and rLS co-expressing Ark Se and GM-CSF (rLS/ArkSe.GMCSF). In experiment
2, we evaluated cross-protection induced by live Mass vaccination when administered in prime

and boost regime with rLS/ArkSe.GMCSF.

Experiment 1. Protection conferred by single vaccination with rLS/ArkSe and
rLS/ArkSe.GMCSF. Because accumulating evidence indicates that the immature immune system
of 1-day-old chickens does not respond adequately to IBV vaccination (394, 395), to more
accurately determine possible differences between the vaccine candidates, this experiment was
performed in 7-day old chickens. Four groups of chickens (n=19/group) were established.
Experimental groups 1 and 2 were vaccinated at 7 days of age (DOA) with 100ul per bird
containing 10° 50% embryo infectious doses (EIDso) of rLS/ArkSe and rLS/ArkSe.GMCSF
respectively. Control groups 3 and 4 included non-vaccinated/challenged and non-vaccinated/non-
challenged chickens respectively. Blood was collected 23 days after vaccination for serum NDV
antibody determination by hemagglutination inhibition test as accepted (363). At 31 days of age,
chickens in groups 1-3 were individually challenged with 100 pl (25 pl in each nostril and each
eye) containing 10* EIDs¢/bird of Ark virulent virus stock (GenBank accession # DQ458217).
Protection was evaluated five days after challenge by individual assessment of respiratory signs,
tracheal histomorphometry, and viral load in tracheas of challenged chickens as previously
described (394). In brief, nasal and/or tracheal rales were evaluated blindly by close listening to

each bird and scored as 0 (absent), 1 (mild), 2 (moderate), or 3 (severe) and scoring data
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subsequently analyzed by Kruskal-Wallis test followed by Dunn post-test. Viral load in tracheas
were determined by quantitative reverse transcriptase polymerase chain reaction (QRT-PCR).
Briefly, IBV RNA was extracted from homogenized tracheal samples with TriReagent®
RNA/DNA/protein isolation reagent (Molecular Research Center, Cincinnati, OH) as per the
manufacturer’s recommendations. Relative viral copies were determined by quantitation of viral
RNA using TagMan© gqRT-PCR as described (48). Viral RNA data were analyzed by one-way
ANOVA followed by Tukey multiple comparisons post-test. Differences were considered
significant with P<0.05. Tracheal histopathology and histomorphometry was performed as
described previously (350). Briefly, tracheal sections were routinely prepared for hematoxylin and
eosin stain for histopathological evaluation. Imagel software
(https://imagej.nih.gov/ij/download.html) was used to measure the tracheal mucosal thickness and
lymphocytic infiltration. Tracheal histomorphometry data (arbitrary units using Imagel) were

analyzed by one-way ANOVA followed by Tukey multiple comparison post-test.

Experiment 2. Cross-protection induced by prime-boost regime with live Mass vaccine and
rLS/ArkSe.GMCSF. Chickens were divided into five groups. Groups 1 and 2, consisting of 28
birds each, were vaccinated with the recommended dose of an attenuated Mass vaccine (Pfizer,
New York, NY) at 1 DOA. Group 2 was boosted 16 days after prime with 10° EIDso of
rLS/ArkSe.GMCSF. Group 3 was primed at 1 DOA with 10° EIDso of rLS/ArkSe.GMCSF and
boosted 16 days after prime with the commercial Mass vaccine. Groups 4 and 5 were non-
vaccinated/challenged (n=19) and non-vaccinated/non-challenged (n=27) controls respectively.
Sera were collected 14 days post-boost from all groups. Twenty chickens of groups 1, 2, 3, and 4
were challenged as described above with 10* EIDso/bird of virulent Ark (GenBank accession

#JN861120) at 33 DOA (i.e. 16 days after booster in groups 2, 3, and 4). Protection against
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challenge was evaluated 5 days post-challenge by clinical signs, viral load in trachea, and tracheal
histomorphometry as described above. In addition, histopathology scoring of tracheal necrosis was
performed. Finally, viral load was also determined in lachrymal fluids. IBV RNA was extracted
from tear samples using the QIAmp Viral RNA Mini Kit (Qiagen, Valencia, CA) and qRT-PCR
performed as described above. The remaining eight chickens of these groups were separated and

remained non-challenged for antibody determinations at 22 days after boost.

Ark Se serum antibody. Ark Se specific antibody levels in sera were determined at 14 and 22
days after boost using a Se specific ELISA previously described (394). In brief, ELISA plates
(Nunc MaxiSorp®, San Diego, CA) were coated overnight with 100ul per well of 0.25ug/ml
soluble trimeric recombinant spike ectodomain protein. Plates were blocked with 200ul/well of
phosphate-buffered saline (PBS) containing 1% bovine serum albumin and 0.05% Tween 20.
Individual chicken pre-challenge sera were diluted 1:100 in PBS and incubated in the wells for 30
minutes at room temperature. All following steps were performed with reagents of a commercial
IBV ELISA kit (Idexx Laboratories Inc., Westbrook, ME) following the manufacturer’s

guidelines. Absorbance values were analyzed by ANOVA followed by Tukey post-test.

Results

Biological properties of the rLS/ArkSe.GMCSF virus. As shown in Table 1, the
rLS/ArkSe.GMCSF virus replicated in chicken embryos but achieved slightly lower HA and EIDso
titers compared to those of the LaSota strain. This result suggests that the relatively sizable foreign
gene insertion (totally 3,840 nts, representing approximately 25% of the LaSota genome) likely
influenced the virus’ replicating ability. As reported previously, the recombinant virus showed low
pathogenicity with a similar ICPI (0.18) to the LaSota virus (0.15) and higher MDT (>150 hrs)

than the LaSota virus (134 hrs). The nucleotide sequence analysis revealed that the
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rLS/ArkSe.GMCSF virus maintained its sequence fidelity after three passages in chicken embryos.
The nucleotide sequences of the chicken GMCSF gene (381 nts), the IBV Se gene (3,459 nts), and

the complete genome of rLS/ArkSe.GMCSF (19,812 nts) are available upon request.

Expression of IBV Ark Se and NDV HN proteins in cells infected with the
rLS/ArkSe.GMCSF virus. The red, green, and blue fluorescence shown in Figure 1 represent the
NDV HN protein, IBV S-ectodomain protein, and cell nuclei, respectively. The red fluorescence
was observed in LS-infected cells, but no green fluorescence was detected in the same field of
infected cells, demonstrating the antibodies’ specificity. When examining rLS/ArkSe.GMCSF
virus-infected DF-1 cells, both green and red fluorescence were observed, indicating expression
of the IBV Se and NDV HN proteins. After merging fluorescent images that were taken in the
same field, green and red fluorescence co-localized to the same infected cells. This result
confirmed that the IBV Se protein was co-expressed with the NDV HN protein from the

rLS/ArkSe.GMCSF virus-infected cells.

Experiment 1. The rLS/ArkSe.GMCSF vaccine was safe, as no adverse side effects were detected
after vaccination in 7-day-old chickens. Both chicken groups receiving rLS showed NDV HI titers
significantly higher than non-vaccinated controls (Figure 2). As seen in this figure, the group
vaccinated with rLS not expressing GMCSF exhibited slightly higher average NDV HI titers
compared to chickens vaccinated with rLS/ArkSe.GMCSF, but the difference did not achieve
statistical significance.

The parameters used herein to evaluate protection in this experiment showed improved
protection by rLS co-expressing the IBV Se and the GMCSF cytokine. Figure 3A shows mostly
absence of respiratory signs in chickens vaccinated with rLS/ArkSe or rLS/ArkSe.GMCSF not

differing significantly from non-vaccinated/non-challenged controls. However, vaccination with
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rLS/ArkSe.GMCSF resulted in significantly lower (P<0.05) viral IBV RNA in the trachea after
challenge (Figure 3B) compared to chickens vaccinated with rLS/ArkSe as well as non-vaccinated
controls. Tracheal histomorphometry showed a trend consistent with tracheal viral load. Chickens
vaccinated with either recombinant construct showed reduced tracheal lesions compared to non-
vaccinated/challenged birds. However, the reduction of mucosal thickness and lymphocytic
infiltration only achieved statistical significance (P<0.05) in chickens vaccinated with

rLS/ArkSe.GMCSF (Figure 4).

Experiment 2. As seen in Figure 5, all vaccinated groups showed significantly lower respiratory
signs, and viral loads in both tears and tracheas (P<0.05) than non-vaccinated controls after
virulent Ark challenge. Although the viral loads in tears and tracheas were reduced in all
vaccinated groups, the group primed with rLS/ArkSe.GMCSF and boosted with Mass achieved
maximum reduction of Ark IBV RNA. These levels were significantly lower (P<0.05) than
chickens vaccinated with Mass only and chickens primed with Mass and boosted with
rLS/ArkSe.GMCSF. When comparing the two latter groups, chickens primed with Mass and
boosted with rLS/ArkSe.GMCSF showed lower values than Mass-only vaccinated chickens but
without achieving statistical significance. The results of tracheal histomorphometry and
histopathology (Figure 6) showed prime and boost with rLS/ArkSe.GMCSF and Mass in either
direction protected the tracheal mucosa more effectively than Mass alone against Ark challenge.
Indeed, tracheal mucosal thickness and lymphocyte infiltration in chickens vaccinated with
rLS/ArkSe.GMCSF and Mass were not significantly different (P<0.05) from non-vaccinated/non-
challenged controls. In contrast, chickens vaccinated with Mass only were significantly different
from these controls. In addition, chickens vaccinated only with Mass did not differ significantly

from non-vaccinated/challenged controls.
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Se antibody levels in prime/boost chickens. Antibody levels detected 14 days after booster
vaccination were highest (P<0.05) in the group primed with rL'S/ArkSe.GMCSF and boosted with
Mass compared to prime and boost in the other direction as well as Mass vaccination only (Figure
7). Consistently, 22 days post-boost antibody levels were found to be significantly higher in the
chickens primed with rLS/ArkSe.GMCSF and boosted with Mass compared to those primed with
Mass and boosted with rLS/ArkSe.GMCSF. However, on day 22 antibody levels for the boosted

groups were not significantly different when compared with chickens vaccinated with Mass only.

Discussion

The current results demonstrate that the recombinant LaSota vaccine construct expresses the
IBV Se successfully in cell culture and is stable after passages in embryonated eggs. Corroborating
previous results (394), although the replication rate is reduced compared to the parental LaSota
strain, the low pathogenicity, as determined by both MDT and ICPI, allows safe vaccination of
young chickens. Finally, the recombinant virus replicates well in chickens as it elicits antibody

responses against NDV.

Breeder and layer hens are commonly vaccinated against NDV. In the southeastern U.S., some
companies use up to four live NDV vaccines in broiler breeders until 16 weeks of age. In addition,
some companies may vaccinate the progenies with recombinant HVT-NDV in ovo (Dr. J. Cline,
Wayne Farms, personal communication). The presence of maternal NDV antibodies and/or
antibodies resulting from active in ovo immunization may interfere with rLS vaccination in
commercial settings. Indeed, others have shown that presence of NDV maternal antibodies in
chickens at the time of vaccination with INDV expressing avian influenza virus (AIV) proteins
can prevent development of immunity from rNDV expressing the H5 of AIV (25). In addition,

presence of maternal antibody to AIV has also been shown to interfere with active vaccination
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with NDV expressing the AIV hemagglutinin (258). We presently lack information on use of rLS
expressing the IBV spike glycoprotein in chickens of commercial origin. The levels of antibodies
in broilers certainly vary around the world depending on NDV pressure of infection and NDV
vaccination programs used. Thus, varying levels of immunity against NDV may allow or impede
the vaccine to break through maternal immunity and replicate successfully at variable times after
hatch. However, we presume that initial replication of the recombinant virus in the upper
respiratory tract will induce mucosal immunity and protect the birds at the port of entrance of IBV.
This presumption is based on the fact that vaccination with live IBV vaccines in commercial
chickens with maternal antibodies to IBV, does induce an immune response that protects the birds
against IBV challenge. In addition, use of better adjuvants should also have an effect on the

effectiveness of recombinant NDV vaccines in commercial chickens.

Several studies have shown that use of rLS expressing IBV S or subunits of S induce less than
optimal protection against IBV virulent challenge (1, 317, 351, 352). Thus, improved adjuvants
may be needed to achieve optimum protection. As discussed above, others have reported that both
co-administration of subunit vaccines with GMCSF and DNA vaccines with GMCSF show
significant improved immunogenicity. Similarly, co-expression of foreign proteins and GMCSF
as well as co-administration of GMCSF with recombinant virus constructs have also shown
enhanced protection (10, 71, 109, 164, 271, 333, 396). However, having to inject such vaccines
individually in large broiler populations limits their applicability for the poultry industry. In the
current experiments, the successful replication of the rLS after administration via a mucosal route
indicates that mass administration via spray is feasible. Based on viral load and tracheal
histopathology, experiment 1 showed that co-expression of GMCSF and IBV spike-ectodomain

from rLS enhances protection induced by this recombinant vaccine. This result corroborates the
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results by others (discussed above) who have demonstrated enhanced protection when using
GMCSF to accompany other vaccine settings. However, the level of effectiveness achieved by
single vaccination with the dual recombinant vaccine still does meet effectiveness requirements of
commercial vaccines.

IBV’s extensive genotypic and phenotypic variability is the result of genetic diversity
generated by mutations made by the viral RNA dependent RNA polymerase and by recombination
events. The evolutionary process continues when abundant new variants serve as the material of
selection (349). Thus, it has become clear that the use of live attenuated IBV vaccines may have
solved the problem in the short term but has favored recombination events worsening the problem
in the long term. In addition, because often more than one serotype is acting in a particular region,
IBV prevention considers inclusion of various serotypes in vaccination programs. This practice
augments the likelihood of recombination among diverse genotypes even more. Indeed, numerous
outbreaks of disease are currently being caused by vaccine-like viruses and wild-vaccine
recombinant viruses (177, 179). Mass-type live vaccine viruses, same as every other IB
coronavirus, have the ability to recombine with other IBV types. After initial reports of protection
conferred by Mass-type vaccines in the early 1960s, Mass-type vaccines were registered and
licensed worldwide. During years thereafter, other type-specific live vaccines were developed to
protect against regionally emergent serotypes. Pharmaceutical companies made efforts to sell these
vaccines in other regions with variable success as countries became more careful at allowing the
introduction of foreign IBV strains/genes into their industry. In fact, several countries still only
allow Mass-type vaccines to be used. Thus, because Mass wild and vaccine viruses are endemic
worldwide, a combination of live Mass with a recombinant vaccine virus that enhances its cross-

protection provides an advancement towards a better solution to the problem. The viral load and
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tracheal histomorphometry results indicate that use of rLS/ArkSe.GMCSF with Mass in a
prime/boost vaccination regime enhances the cross-protection capability of Mass, as this
combination more effectively protected chickens against Ark challenge. Interestingly, based on
viral load and tracheal histopathology, better protection was achieved when priming was
performed with rLS/ArkSe.GMCSF followed by Mass boosting. The inverse approach, i.e. prime
with Mass and boost with rLS/ArkSe.GMCSF, provided similar protection of the tracheal
epithelium but reduction of viral load was less effective. Higher levels of Ark Se specific
antibodies were elicited by the former combination, which may explain those better results.
However, the immunological mechanism behind this difference cannot be explained in the current
study. We also analyzed antibody avidity of both groups but were not able to detect any differences
(data not shown). Using Mass and replacing attenuated type-specific booster vaccines by tailored
type-specific S-ectodomain expressed from recombinant virus provides an opportunity to achieve
enhanced cross-protection, and equally important, should reduce potential recombination and

emergence of new IBV variants.

64



IV. References

1. Abozeid, H. H., A. Paldurai, B. P. Varghese, S. K. Khattar, M. A. Afifi, S. Zouelfakkar, A.
H. El-Deeb, M. F. El-Kady, and S. K. Samal. Development of a recombinant Newcastle disease

virus-vectored vaccine for infectious bronchitis virus variant strains circulating in Egypt.
Veterinary Research 50:1-13. 2019.

2. Adzhar, A., R. E. Gough, D. Haydon, K. Shaw, P. Britton, and D. Cavanagh. Molecular
analysis of the 793/B serotype of infectious bronchitis virus in Great Britain. Avian Pathology
26:625-640. 1997.

3. Alexander, D. J., and D. A. Senne. Newcastle disease virus and other avian
paramyxoviruses. In: A laboratory manual for the isolation, identification and characterization of
avian pathogens, Fifth ed. L. Dufour-Zavala, D. E. Swayne, J. R. Glisson, J. E. Pearson, W. M.
Reed, M. W. Jackwood and P. R. Woolcock, eds. American Association of Avian Pathologists,
Athens, GA. pp 135-141. 2008.

4, Almeida, J. D., D. M. Berry, C. H. Cunningham, D. Hamre, M. S. Hofstad, L. Mallucci,
K. MclIntosh, and D. A. J. Tyrrell. Virology: Coronaviruses. Nature 220:650-650. 1968.

5. Altamura, M., M. G. Geronimo, L. Nappi, O. Ceci, P. Loizzi, and E. Jirillo. Successful
treatment of Herpes Simplex Virus (HSV) recurrent genital infection with recombinant human
(RH) granulocyte-macrophage colony stimulating factor (GM-CSF): A case report.
Immunopharmacology and Immunotoxicology 19:425-436. 1997.

6. Alvarado, 1. R., P. Villegas, J. El-Attrache, and M. W. Jackwood. Detection of
Massachusetts and Arkansas serotypes of infectious bronchitis virus in broilers. Avian Diseases
50:292-297. 2006.

7. Ammayappan, A., C. Upadhyay, J. Gelb, and V. N. Vakharia. Complete genomic sequence
analysis of infectious bronchitis virus Ark DPI strain and its evolution by recombination. Virology
Journal 5:157. 2008.

8. Anderson, D. P., C. W. Beard, and R. P. Hanson. The adverse effects of ammonia on
chickens including resistance to infection with Newcastle disease virus. Avian Diseases 8:369-
379. 1964.

9. Andoh, K., K. Ashikaga, K. Suenaga, S. Endo, and K. Yamazaki. Identification of novel
linear epitopes located in the infectious bronchitis virus spike S2 region. Avian Diseases 62:210-
217.2018.

65



10. Andrew, M., K. Morris, B. Coupar, K. Sproat, P. Oke, M. Bruce, M. Broadway, C.
Morrissy, and D. Strom. Porcine interleukin-3 enhances DNA vaccination against classical swine
fever. Vaccine 24:3241-3247. 2006.

11. Armesto, M., D. Cavanagh, and P. Britton. The replicase gene of avian coronavirus
infectious bronchitis virus is a determinant of pathogenicity. PLoS One 4:¢7384. 2009.

12. Armstrong, C. A., R. Botella, T. H. Galloway, N. Murray, J. M. Kramp, 1. S. Song, and J.
C. Ansel. Antitumor effects of granulocyte-macrophage colony-stimulating factor production by
melanoma cells. Cancer Research 56:2191-2198. 1996.

13. Avery, S., L. Rothwell, W. D. Degen, V. E. Schijns, J. Young, J. Kaufman, and P. Kaiser.
Characterization of the first non-mammalian T2 cytokine gene cluster: The cluster contains
functional single-copy genes for IL-3, IL-4, IL-13, and GM-CSF, a gene for IL-5 that appears to
be a pseudogene, and a gene encoding another cytokine-like transcript, KK34. Journal of
Interferon and Cytokine Research 24:600-610. 2004.

14. Bande, F., S. S. Arshad, M. H. Bejo, A. R. Omar, H. Moeini, S. Khadkodaei, T. S. Wei, Y.
S.Keong, Y. Abba, and I. A. Anka. Development and immunogenic potentials of chitosan-saponin
encapsulated DNA vaccine against avian infectious bronchitis coronavirus. Microbial
Pathogenesis 149:104560. 2020.

15. Beach, J. R., and O. W. Schalm. A filterable virus, distinct from that of laryngotracheitis,
the cause of a respiratory disease of chicks. Poultry Science 15:199-206. 1936.

16. Beaudette, F. R. Cultivation of the virus of infectious bronchitis. Journal of American
Veterinary Medical Association 90:51-58. 1937.

17.  Begg, R. E. Flock management in winter. In: Agricultural College Extension Service
Bulletin. Connecticut Agricultural College, Storrs, CT. 27:43-53. 1920.

18. Bentley, K., M. Armesto, and P. Britton. Infectious bronchitis virus as a vector for the
expression of heterologous genes. PLoS One 8:¢67875. 2013.

19. Bentley, K., S. M. Keep, M. Armesto, and P. Britton. Identification of a noncanonically
transcribed subgenomic mRNA of infectious bronchitis virus and other Gammacoronaviruses.
Journal of Virology 87:2128-2136. 2013.

66



20. Berclaz, P. Y., Y. Shibata, J. A. Whitsett, and B. C. Trapnell. GM-CSF, via PU.1, regulates
alveolar macrophage FcyR-mediated phagocytosis and the IL-18/IFN-y-mediated molecular
connection between innate and adaptive immunity in the lung. Blood 100:4193-4200. 2002.

21. Berclaz, P. Y., Z. Zsengellér, Y. Shibata, K. Otake, S. Strasbaugh, J. A. Whitsett, and B.
C. Trapnell. Endocytic internalization of adenovirus, nonspecific phagocytosis, and cytoskeletal

organization are coordinately regulated in alveolar macrophages by GM-CSF and PU.1. The
Journal of Immunology 169:6332-6342. 2002.

22.  Berry, D. M. Infectious bronchitis and an inactivated infectious bronchitis vaccine. World's
Poultry Science Journal 20:277-283. 1964.

23. Berry, D. M. Inactivated infectious bronchitis vaccine. Journal of Comparative Pathology
75:409-415. 1965.

24. Berry, D. M., J. G. Cruickshank, H. P. Chu, and R. J. Wells. The structure of infectious
bronchitis virus. Virology 23:403-407. 1964.

25. Bertran, K., D.-H. Lee, M. F. Criado, C. L. Balzli, L. F. Killmaster, D. R. Kapczynski, and
D. E. Swayne. Maternal antibody inhibition of recombinant Newcastle disease virus vectored
vaccine in a primary or booster avian influenza vaccination program of broiler chickens. Vaccine
36:6361-6372. 2018.

26. Bhattacharya, P., I. Budnick, M. Singh, M. Thiruppathi, K. Alharshawi, H. Elshabrawy,
M. J. Holterman, and B. S. Prabhakar. Dual role of GM-CSF as a pro-inflammatory and a
regulatory cytokine: Implications for immune therapy. Journal of Interferon and Cytokine
Research 35:585-599. 2015.

27. Bickerton, E., H. J. Maier, P. Stevenson-Leggett, M. Armesto, and P. Britton. The S2
subunit of infectious bronchitis virus Beaudette is a determinant of cellular tropism. Journal of
Virology 92:¢01044-18. 2018.

28. Bijlenga, G., J. K. A. Cook, J. J. Gelb, and J. J. d. Wit. Development and use of the H strain
of avian infectious bronchitis virus from the Netherlands as a vaccine: A review. Avian Pathology
33:550-557. 2004.

29.  Bingham, R. W. The polypeptide composition of avian infectious bronchitis virus.
Archives of Virology 49:207-216. 1975.

67



30. Binns, M. M., M. E. Boursnell, D. Cavanagh, D. J. Pappin, and T. D. Brown. Cloning and
sequencing of the gene encoding the spike protein of the coronavirus IBV. Journal of General
Virology 66:719-726. 1985.

31. Bosch, B. J., B. E. E. Martina, R. van der Zee, J. Lepault, B. J. Haijema, C. Versluis, A. J.
R. Heck, R. de Groot, A. D. M. E. Osterhaus, and P. J. M. Rottier. Severe acute respiratory
syndrome coronavirus (SARS-CoV) infection inhibition using spike protein heptad repeat-derived
peptides. Proceedings of the National Academy of Sciences of the United States of America
101:8455-8460. 2004.

32. Bosch, B. J., R. van der Zee, C. A. M. de Haan, and P. J. M. Rottier. The coronavirus spike
protein is a class I virus fusion protein: Structural and functional characterization of the fusion core
complex. Journal of Virology 77:8801-8811. 2003.

33, Boursnell, M. E., T. D. Brown, L. J. Foulds, P. F. Green, F. M. Tomley, and M. M. Binns.
The complete nucleotide sequence of avian infectious bronchitis virus: analysis of the polymerase-
coding region. Advances in Experimental Medicine and Biology 218:15-29. 1987.

34, Boursnell, M. E., T. D. Brown, 1. J. Foulds, P. F. Green, F. M. Tomley, and M. M. Binns.
Completion of the sequence of the genome of the coronavirus avian infectious bronchitis virus.
Journal of General Virology 68:57-77. 1987.

35. Bouwman, K. M., L. M. Parsons, A. J. Berends, R. P. de Vries, J. F. Cipollo, and M. H.
Verheije. Three amino acid changes in avian coronavirus spike protein allow binding to kidney
tissue. Journal of Virology 94:¢01363-19. 2020.

36. Box, P. G., and K. R. Ellis. Infectious bronchitis in laying hens: Interference with response
to emulsion vaccine by attenuated live vaccine. Avian Pathology 14:9-22. 1985.

37. Brandt, C. D., H. van Roekel, and H. A. Peck. An egg-propagated immunizing agent for
the control of infectious bronchitis of chickens. Poultry Science 31:1004-1008. 1952.

38. Brierley, 1., M. E. Boursnell, M. M. Binns, B. Bilimoria, V. C. Blok, T. D. Brown, and S.
C. Inglis. An efficient ribosomal frame-shifting signal in the polymerase-encoding region of the
coronavirus IBV. The EMBO Journal 6:3779-3785. 1987.

39, Broadfoot, D. L., B. S. Pomeroy, and W. M. Smith. Effects of infectious bronchitis in baby
chicks. Poultry Science 35:757-762. 1956.

68



40. Brown, T. D., M. E. Boursnell, M. M. Binns, and F. M. Tomley. Cloning and sequencing
of 5' terminal sequences from avian infectious bronchitis virus genomic RNA. Journal of General
Virology 67:221-228. 1986.

41. Bukreyev, A., I. M. Belyakov, J. A. Berzofsky, B. R. Murphy, and P. L. Collins.
Granulocyte-macrophage colony-stimulating factor expressed by recombinant respiratory
syncytial virus attenuates viral replication and increases the level of pulmonary antigen-presenting
cells. Journal of Virology 75:12128-12140. 2001.

42.  Burgess, A. W., J. Camakaris, and D. Metcalf. Purification and properties of colony-
stimulating factor from mouse lung-conditioned medium. Journal of Biological Chemistry
252:1998-2003. 1977.

43. Burgess, A. W., and D. Metcalf. The nature and action of granulocyte-macrophage colony
stimulating factors. Blood 56:947-958. 1980.

44. Bushnell, L. D., and C. A. Brandly. Poultry diseases, their prevention and control. In:
Agricultural Experiment Station Bulletin. Kansas State Agricultural College, Manhattan, KS. pp
42-43.1929.

45.  Bushnell, L. D., and C. A. Brandly. Laryngotracheitis in chicks. Poultry Science 12:55-60.
1933.

46. Butler, E. J., M. J. Curtis, A. W. Pearson, and J. S. McDougall. Effect of infectious
bronchitis on the structure and composition of egg albumen. Journal of the Science of Food and
Agriculture 23:359-369. 1972.

47. Call, L. E. Poultry disease investigations. In: Agricultural Experiment Station Director's
Report. Kansas State Agricultural College, Manhattan, KS. 106:120-126. 1926.

48. Callison, S. A., D. A. Hilt, T. O. Boynton, B. F. Sample, R. Robison, D. E. Swayne, and
M. W. Jackwood. Development and evaluation of a real-time Tagman RT-PCR assay for the
detection of infectious bronchitis virus from infected chickens. Journal of Virological Methods
138:60-65. 2006.

49, Callison, S. A., M. W. Jackwood, and D. A. Hilt. Molecular characterization of infectious
bronchitis virus isolates foreign to the United States and comparison with United States isolates.
Avian Diseases 45:492-499. 2001.

69



50. Casais, R., M. Davies, D. Cavanagh, and P. Britton. Gene 5 of the avian coronavirus
infectious bronchitis virus is not essential for replication. Journal of Virology 79:8065-8078. 2005.

51. Casais, R., B. Dove, D. Cavanagh, and P. Britton. Recombinant avian infectious bronchitis
virus expressing a heterologous spike gene demonstrates that the spike protein is a determinant of
cell tropism. Journal of Virology 77:9084-9089. 2003.

53. Cavanagh, D. Structural polypeptides of coronavirus IBV. Journal of General Virology
53:93-103. 1981.

54. Cavanagh, D. Coronavirus IBV glycopolypeptides: Size of their polypeptide moieties and
nature of their oligosaccharides. Journal of General Virology 64:1187-1191. 1983.

55.  Cavanagh, D. Coronavirus IBV: Further evidence that the surface projections are
associated with two glycopolypeptides. Journal of General Virology 64:1787-1791. 1983.

56. Cavanagh, D. Coronavirus IBV: Structural characterization of the spike protein. Journal of
General Virology 64:2577-2583. 1983.

57.  Cavanagh, D., and P. J. Davis. Coronavirus IBV: Removal of spike glycopolypeptide S1
by urea abolishes infectivity and haemagglutination but not attachment to cells. Journal of General
Virology 67:1443-1448. 1986.

58. Cavanagh, D., P. J. Davis, J. K. Cook, D. Li, A. Kant, and G. Koch. Location of the amino
acid differences in the S1 spike glycoprotein subunit of closely related serotypes of infectious
bronchitis virus. Avian Pathology 21:33-43. 1992.

59. Cavanagh, D., P. J. Davis, and A. P. Mockett. Amino acids within hypervariable region 1
of avian coronavirus IBV (Massachusetts serotype) spike glycoprotein are associated with
neutralization epitopes. Virus Research 11:141-150. 1988.

60. Cavanagh, D., P. J. Davis, and D. J. Pappin. Coronavirus IBV glycopolypeptides:
locational studies using proteases and saponin, a membrane permeabilizer. Virus Research 4:145-
156. 1986.

61. Cavanagh, D., P. J. Davis, D. J. Pappin, M. M. Binns, M. E. Boursnell, and T. D. Brown.
Coronavirus IBV: Partial amino terminal sequencing of spike polypeptide S2 identifies the
sequence Arg-Arg-Phe-Arg-Arg at the cleavage site of the spike precursor propolypeptide of IBV
strains Beaudette and M41. Virus Research 4:133-143. 1986.

70



62. Cavanagh, D., M. M. Elus, and J. K. Cook. Relationship between sequence variation in the
S1 spike protein of infectious bronchitis virus and the extent of cross-protection in vivo. Avian
Pathology 26:63-74. 1997.

63. Cavanagh, D., K. Mawditt, A. Adzhar, R. E. Gough, J.-P. Picault, C. J. Naylor, D. Haydon,
K. Shaw, and P. Britton. Does IBV change slowly despite the capacity of the spike protein to vary

greatly? In: Coronaviruses and Arteriviruses. L. Enjuanes, S. G. Siddell and W. Spaan, eds.
Springer US, Boston, MA. pp 729-734. 1998.

64. Cavanagh, D., J.-P. Picault, R. E. Gough, M. Hess, K. Mawditt, and P. Britton. Variation
in the spike protein of the 793/B type of infectious bronchitis virus, in the field and during alternate
passage in chickens and embryonated eggs. Avian Pathology 34:20-25. 2005.

65. Chandrasekar, S. S., B. Kingstad-Bakke, C.-W. Wu, M. Suresh, A. M. Talaat, and T.
Gallagher. A novel mucosal adjuvant system for immunization against avian coronavirus causing
infectious bronchitis. Journal of Virology 94:¢01016-20. 2020.

66. Chen, H., T. Wurm, P. Britton, G. Brooks, and J. A. Hiscox. Interaction of the coronavirus
nucleoprotein with nucleolar antigens and the host cell. Journal of Virology 76:5233-5250. 2002.

67. Chen, H. Y., M. F. Yang, B. A. Cui, P. Cui, M. Sheng, G. Chen, S. J. Wang, and J. W.
Geng. Construction and immunogenicity of a recombinant fowlpox vaccine coexpressing S1
glycoprotein of infectious bronchitis virus and chicken IL-18. Vaccine 28:8112-8119. 2010.

68. Choti, J. K., K. H. Kim, H. Park, S. R. Park, and B. H. Choi. Granulocyte macrophage-
colony stimulating factor shows anti-apoptotic activity in neural progenitor cells via JAK/STATS-
Bcl-2 pathway. Apoptosis 16:127-134. 2011.

69.  Chomiak, T. W., R. E. Luginbuhl, and E. L. Jungherr. The propagation and cytopathogenic
effect of an egg-adapted strain of infectious bronchitis virus in tissue culture. Avian Diseases
2:456-465. 1958.

70. Chong, K. T., and K. Apostolov. The pathogenesis of nephritis in chickens induced by
infectious bronchitis virus. Journal of Comparative Pathology 92:199-211. 1982.

71. Chow, Y. H., B. L. Chiang, Y. L. Lee, W. K. Chi, W. C. Lin, Y. T. Chen, and M. H. Tao.
Development of Th1 and Th2 populations and the nature of immune responses to hepatitis B virus

DNA vaccines can be modulated by codelivery of various cytokine genes. The Journal of
Immunology 160:1320-1329. 1998.

71



72. Christian, R. T., and W. Mack. An experimental infectious bronchitis virus vaccine
inactivated with beta-propiolactone. Poultry Science 36:1177-1181. 1957.

73. Chu, V. C,, L. J. McElroy, V. Chu, B. E. Bauman, and G. R. Whittaker. The avian
coronavirus infectious bronchitis virus undergoes direct low-pH-dependent fusion activation
during entry into host cells. Journal of Virology 80:3180-3188. 2006.

74. Chu, V. C., L. J. McElroy, A. D. Ferguson, B. E. Bauman, and G. R. Whittaker. Avian
infectious bronchitis virus enters cells via the endocytic pathway. Advances in Experimental
Medicine and Biology 581:309-312. 2006.

75. Collett, S. R., J. A. Smith, M. Boulianne, R. L. Owen, E. Gingerich, R. S. Singer, T. J.
Johnson, C. L. Hofacre, R. D. Berghaus, and B. Stewart-Brown. Principles of disease prevention,
diagnosis, and control. In: Diseases of Poultry. D. E. Swayne, Martine Boulianne, Catherine M.
Logue, Larry R. McDougald, Venugopal Nair, David L. Suarez, Sjaak de Wit, Tom Grimes,
Deirdre Johnson, Michelle Kromm, Teguh Yodiantara Prajitno, Ian Rubinoff and G. Zavala, eds.
pp 3-78. 2020.

76. Collins, H. L., and G. J. Bancroft. Cytokine enhancement of complement-dependent
phagocytosis by macrophages: synergy of tumor necrosis factor-a and granulocyte-macrophage
colony-stimulating factor for phagocytosis of Cryptococcus neoformans. European Journal of
Immunology 22:1447-1454. 1992.

77. Collisson, E. W., J. Pei, J. Dzielawa, and S. H. Seo. Cytotoxic T lymphocytes are critical
in the control of infectious bronchitis virus in poultry. Developmental and Comparative
Immunology 24:187-200. 2000.

78. Colwell, W. M., and P. D. Lukert. Effects of avian infectious bronchitis virus (IBV) on
tracheal organ cultures. Avian Diseases 13:888-894. 1969.

79. Conti, L., and S. Gessani. GM-CSF in the generation of dendritic cells from human blood
monocyte precursors: Recent advances. Immunobiology 213:859-870. 2008.

80. Cook, J. K., H. W. Smith, and M. Huggins. Infectious bronchitis immunity: Its study in
chickens experimentally infected with mixtures of infectious bronchitis virus and Escherichia coli.
Journal of General Virology 67:1427-1434. 1986.

81. Cook, J. K. A., S. J. Orbell, M. A. Woods, and M. B. Huggins. Breadth of protection of the
respiratory tract provided by different live-attenuated infectious bronchitis vaccines against

72



challenge with infectious bronchitis viruses of heterologous serotypes. Avian Pathology 28:477-
485.1999.

82. Coria, M. F. Intracellular avian infectious bronchitis virus: Detection by fluorescent
antibody techniques in nonavian kidney cell cultures. Avian Diseases 13:540-547. 1969.

83. Coria, M. F. Protective effect of an inactivated avian coronavirus vaccine administered by
aerosol. Archiv fiir die gesamte Virusforschung 41:66-70. 1973.

84. Coria, M. F., and M. S. Hofstad. Immune response in chickens to infectious bronchitis
virus, strain 33 I. Response to beta-propiolactone-inactivated virus. Avian Diseases 15:688-695.
1971.

85.  Corse, E., and C. E. Machamer. Infectious bronchitis virus E protein is targeted to the Golgi
complex and directs release of virus-like particles. Journal of Virology 74:4319-4326. 2000.

86. Corse, E., and C. E. Machamer. The cytoplasmic tails of infectious bronchitis virus E and
M proteins mediate their interaction. Virology 312:25-34. 2003.

87. Crinion, R. A. P. Egg quality and production following infectious bronchitis virus exposure
at one day old. Poultry Science 51:582-585. 1972.

88. Crinion, R. A. P., R. A. Ball, and M. S. Hofstad. Pathogenesis of oviduct lesions in
immature chickens following exposure to infectious bronchitis virus at one day old. Avian
Diseases 15:32-41. 1971.

89. Crinion, R. A. P., and M. S. Hofstad. Pathogenicity of four serotypes of avian infectious
bronchitis virus for the oviduct of young chickens of various ages. Avian Diseases 16:351-363.
1972.

90. Cumming, R. B. The etiology of uremia in chickens. Australian Veterinary Journal 38:554.
1962.

91. Cumming, R. B. Studies on Australian infectious bronchitis virus. IV. Apparent farm-to-
farm airborne transmission of infectious bronchitis virus. Avian Diseases 14:191-195. 1970.

92. Cunningham, C., and H. Stuart. Cultivation of the virus of infectious bronchitis of chickens
in embryonated chicken eggs. American Journal of Veterinary Research 8:209-212. 1947.

73



93. Cunningham, C. H., M. P. Spring, and K. Nazerian. Replication of avian infectious
bronchitis virus in African green monkey kidney cell line Vero. Journal of General Virology
16:423-427. 1972.

94, Darrasse-Jeéze, G., S. Deroubaix, H. Mouquet, G. D. Victora, T. Eisenreich, K.-h. Yao, R.
F. Masilamani, M. L. Dustin, A. Rudensky, K. Liu, and M. C. Nussenzweig. Feedback control of
regulatory T cell homeostasis by dendritic cells in vivo. Journal of Experimental Medicine
206:1853-1862. 2009.

95.  Davies, H. A., and M. Macnaughton. Comparison of the morphology of three
coronaviruses. Archives of Virology 59:25-33. 1979.

96. de Groot, R.J., J. A. Lenstra, W. Luytjes, H. G. M. Niesters, M. C. Horzinek, B. A. M. van
der Zeijst, and W. J. M. Spaan. Sequence and structure of the coronavirus peplomer protein. In:
Coronaviruses. M. M. C. Lai and S. A. Stohlman, eds. Springer US, Boston, MA. pp 31-38. 1987.

97. de Groot, R. P., P. J. Coffer, and L. Koenderman. Regulation of proliferation,
differentiation and survival by the IL-3/IL-5/GM-CSF receptor family. Cellular Signalling 10:619-
628. 1998.

98. De St. Groth, S. F. Viropexis, the mechanism of influenza virus infection. Nature 162:294-
295. 1948.

99. de Wit, J. J., C. Cazaban, R. Dijkman, G. Ramon, and Y. Gardin. Detection of different
genotypes of infectious bronchitis virus and of infectious bursal disease virus in European broilers
during an epidemiological study in 2013 and the consequences for the diagnostic approach. Avian
Pathology 47:140-151. 2018.

100. de Wit, J. J., M. C. M. de Jong, A. Pijpers, and J. H. M. Verheijden. Transmission of
infectious bronchitis virus within vaccinated and unvaccinated groups of chickens. Avian
Pathology 27:464-471. 1998.

101. Delaplane, J. P., and H. O. Stuart. Studies of infectious bronchitis. In: Agricultural
Experiment Station Bulletin. Rhode Island State College, Kingston, RI. pp 5-15. 1939.

102. Delaplane, J. P., and H. O. Stuart. The modification of infectious bronchitis virus of
chickens as the result of propagation in embryonated chicken eggs. In: Agricultural Experiment
Station. Rhode Island State College, Kingston, RI. 284:4-20. 1941.

74



103. Dinan, A. M., S. Keep, E. Bickerton, P. Britton, A. E. Firth, and 1. Brierley. Comparative
analysis of gene expression in virulent and attenuated strains of infectious bronchitis virus at
subcodon resolution. Journal of Virology 93:¢00714-19. 2019.

104. Ditiatkovski, M., T. Ban-Hock, and A. Bobik. GM-CSF deficiency reduces macrophage
PPAR-y expression and aggravates atherosclerosis in APOE-deficient mice. Arteriosclerosis,
Thrombosis, and Vascular Biology 26:2337-2344. 2006.

105. Domanska-Blicharz, K., A. Lisowska, and J. Sajewicz-Krukowska. Molecular
epidemiology of infectious bronchitis virus in Poland from 1980 to 2017. Infection, Genetics and
Evolution 80:104177. 2020.

107. Doyle, N., B. W. Neuman, J. Simpson, P. C. Hawes, J. Mantell, P. Verkade, H. Alrashedi,
and H. J. Maier. Infectious bronchitis virus nonstructural protein 4 alone induces membrane
pairing. Viruses 10:477. 2018.

108. Dranoff, G., E. Jaffee, A. Lazenby, P. Golumbek, H. Levitsky, K. Brose, V. Jackson, H.
Hamada, D. Pardoll, and R. C. Mulligan. Vaccination with irradiated tumor cells engineered to
secrete murine granulocyte-macrophage colony-stimulating factor stimulates potent, specific, and
long-lasting anti-tumor immunity. Proceedings of the National Academy of Sciences, USA
90:3539-3543. 1993.

109. Du, Y.J,P.Jiang, Y. F. Li, H. R. He, W. M. Jiang, X. L. Wang, and W. B. Hong. Immune
responses of two recombinant adenoviruses expressing VP1 antigens of FMDYV fused with porcine
granulocyte macrophage colony-stimulating factor. Vaccine 25:8209-8219. 2007.

110. Duden, R., B. Storrie, R. Pepperkok, J. Scheel, B. Joggerst-Thomalla, A. Sawyer, H.
Horstmann, G. Griffiths, and T. E. Kreis. B-COP, a coat protein of nonclathrin-coated vesicles of
the Golgi complex, is involved in transport of vesicular stomatitis virus glycoprotein. In: Molecular
Mechanisms of Membrane Traffic. D. J. Morré, K. E. Howell and J. J. M. Bergeron, eds. Springer,
Berlin, Heidelberg. pp 117-126. 1993.

111.  Eckerle, L. D., M. M. Becker, R. A. Halpin, K. Li, E. Venter, X. Lu, S. Scherbakova, R. L.
Graham, R. S. Baric, T. B. Stockwell, D. J. Spiro, and M. R. Denison. Infidelity of SARS-CoV
Nspl4-exonuclease mutant virus replication is revealed by complete genome sequencing. PLoS
Pathogens 6:¢1000896. 2010.

112.  El-Behi, M., B. Ciric, H. Dai, Y. Yan, M. Cullimore, F. Safavi, G. X. Zhang, B. N. Dittel,
and A. Rostami. The encephalitogenicity of Tul7 cells is dependent on IL-1- and IL-23-induced
production of the cytokine GM-CSF. Nature Immunology 12:568-575. 2011.

75



113.  Eldemery, F., K. S. Joiner, H. Toro, and V. L. van Santen. Protection against infectious
bronchitis virus by spike ectodomain subunit vaccine. Vaccine 35:5864-5871. 2017.

114. Eldemery, F., Y. Li, Q. Yu, V. L. van Santen, and H. Toro. Infectious bronchitis virus S2
of 4/91 expressed from recombinant virus does not protect against Ark-type challenge. Avian
Diseases 61:397-401. 2017.

115. Ellis, S., S. Keep, P. Britton, S. de Wit, E. Bickerton, and L. Vervelde. Recombinant
infectious bronchitis viruses expressing chimeric spike glycoproteins induce partial protective
immunity against homologous challenge despite limited replication in vivo. Journal of Virology
92:¢01473-18. 2018.

116. Emmott, E., D. Munday, E. Bickerton, P. Britton, M. A. Rodgers, A. Whitehouse, E.-M.
Zhou, and J. A. Hiscox. The cellular interactome of the coronavirus infectious bronchitis virus
nucleocapsid protein and functional implications for virus biology. Journal of Virology 87:9486-
9500. 2013.

117. Estevez, C., D. King, B. Seal, and Q. Yu. Evaluation of Newcastle disease virus chimeras
expressing the Hemagglutinin-Neuraminidase protein of velogenic strains in the context of a
mesogenic recombinant virus backbone. Virus Research 129:182-190. 2007.

118. Fahey, J. E., and J. F. Crawley. Propagation of infectious bronchitis virus in tissue culture.
Canadian Journal of Microbiology 2:503-510. 1956.

119. Fan, H., A. Ooi, Y. W. Tan, S. Wang, S. Fang, D. X. Liu, and J. Lescar. The nucleocapsid
protein of coronavirus infectious bronchitis virus: Crystal structure of its N-terminal domain and
multimerization properties. Structure 13:1859-1868. 2005.

120. Fang, S. G., S. Shen, F. P. L. Tay, and D. X. Liu. Selection of and recombination between
minor variants lead to the adaptation of an avian coronavirus to primate cells. Biochemical and
Biophysical Research Communications 336:417-423. 2005.

121. Farsang, A., C. Ros, L. H. Renstrom, C. Baule, T. Soo6s, and S. Belak. Molecular
epizootiology of infectious bronchitis virus in Sweden indicating the involvement of a vaccine
strain. Avian Pathology 31:229-236. 2002.

122.  Finney, P. M., P. G. Box, and H. C. Holmes. Studies with a bivalent infectious bronchitis
killed virus vaccine. Avian Pathology 19:435-450. 1990.

76



123.  Foss, D. L., A. M. Bennaars, C. A. Pennell, M. D. Moody, and M. P. Murtaugh.
Differentiation of porcine dendritic cells by granulocyte macrophage colony-stimulating factor
expressed in Pichia pastoris. Veterinary Immunology and Immunopathology 91:205-215. 2003.

124.  Francisco-Cruz, A., M. Aguilar-Santelises, O. Ramos-Espinosa, D. Mata-Espinosa, B.
Marquina-Castillo, J. Barrios-Payan, and R. Hernandez-Pando. Granulocyte—macrophage colony-
stimulating factor: Not just another haematopoietic growth factor. Medical Oncology 31:774.
2013.

125. Franzo, G., C. J. Naylor, C. Lupini, M. Drigo, E. Catelli, V. Listorti, P. Pesente, D.
Giovanardi, E. Morandini, and M. Cecchinato. Continued use of IBV 793B vaccine needs
reassessment after its withdrawal led to the genotype's disappearance. Vaccine 32:6765-6767.
2014.

126. Franzo, G., C. M. Tucciarone, A. Moreno, M. Legnardi, P. Massi, G. Tosi, T. Trogu, R.
Ceruti, P. Pesente, G. Ortali, L. Gavazzi, and M. Cecchinato. Phylodynamic analysis and
evaluation of the balance between anthropic and environmental factors affecting IBV spreading
among Italian poultry farms. Scientific Reports 10:7289. 2020.

127. Gallardo, R. A., F. J. Hoerr, W. D. Berry, V. L. van Santen, and H. Toro. Infectious
bronchitis virus in testicles and venereal transmission. Avian Diseases 55:255-258. 2011.

128.  Gallardo, R. A., V. L. van Santen, and H. Toro. Host intraspatial selection of infectious
bronchitis virus populations. Avian Diseases 54:807-813. 2010.

129.  Gasson, J. Molecular physiology of granulocyte-macrophage colony-stimulating factor.
Blood 77:1131-1145. 1991.

130.  Geilhausen, H. E., F. B. Ligon, and P. D. Lukert. The pathogenesis of virulent and avirulent
avian infectious bronchitis virus. Archiv fiir die gesamte Virusforschung 40:285-290. 1973.

131.  Ghetas, A., V. L. van Santen, K. S. Joiner, and H. Toro. Kidney cell-adapted infectious
bronchitis ArkDPI vaccine confers effective protection against challenge. Avian Diseases:418-
423.2016.

132.  Ghetas, A. M., G. E. Thaxton, C. Breedlove, V. L. van Santen, and H. Toro. Effects of
adaptation of infectious bronchitis virus Arkansas attenuated vaccine to embryonic kidney cells.
Avian Diseases 59:106-113. 2014.

77



133.  Goldstein, J. 1., D. J. Kominsky, N. Jacobson, B. Bowers, K. Regalia, G. L. Austin, M.
Yousefi, M. T. Falta, A. P. Fontenot, M. E. Gerich, L. Golden-Mason, and S. P. Colgan. Defective
leukocyte GM-CSF receptor (CD116) expression and function in inflammatory bowel disease.
Gastroenterology 141:208-216. 2011.

134. Gonzélez, J. M., P. Gomez-Puertas, D. Cavanagh, A. E. Gorbalenya, and L. Enjuanes. A
comparative sequence analysis to revise the current taxonomy of the family Coronaviridae.
Archives of Virology 148:2207-2235. 2003.

135.  Gough, R. E., W. H. Allan, and D. Nedelciu. Immune response to monovalent and bivalent
Newcastle disease and infectious bronchitis inactivated vaccines. Avian Pathology 6:131-142.
1977.

136.  Gough, R. E., W. J. Cox, C. E. Winkler, M. W. Sharp, and D. Spackman. Isolation and
identification of infectious bronchitis virus from pheasants. The Veterinary Record 138:208-209.
1996.

137.  Guo, X., T. Zhang, X. Wang, H. Su, W. Sun, Y. Liu, K. Kang, T. Liu, S. Jiang, Y. Wang,
D. Wang, H. Yin, L. Tian, D. Li, and G. Ren. The immune enhancement effects of recombinant
NDYV expressing chicken granulocyte-macrophage colony-stimulating factor on the different avian
influenza vaccine subtypes. Transboundary and Emerging Diseases 67:2108-2117. 2020.

138.  Guo, Z., H. Wang, T. Yang, X. Wang, D. Lu, Y. Li, and Y. Zhang. Priming with a DNA
vaccine and boosting with an inactivated vaccine enhance the immune response against infectious
bronchitis virus. Journal of Virological Methods 167:84-89. 2010.

139. Hagemeijer, M. C., A. M. Vonk, I. Monastyrska, P. J. M. Rottier, and C. A. M. de Haan.
Visualizing coronavirus RNA synthesis in time by using click chemistry. Journal of Virology
86:5808-5816. 2012.

140. Halstead, E. S., T. M. Umstead, M. L. Davies, Y. . Kawasawa, P. Silveyra, J. Howyrlak,
L. Yang, W. Guo, S. Hu, E. K. Hewage, and Z. C. Chroneos. GM-CSF overexpression after
influenza A virus infection prevents mortality and moderates MIl-like airway
monocyte/macrophage polarization. Respiratory Research 19:3. 2018.

141. Hamilton, J. A. Colony-stimulating factors in inflammation and autoimmunity. Nature
Reviews Immunology 8:533-544. 2008.

142. Hamilton, J. A., and A. Achuthan. Colony stimulating factors and myeloid cell biology in
health and disease. Trends in Immunology 34:81-89. 2013.

78



143. Hansen, G., T. R. Hercus, B. J. McClure, F. C. Stomski, M. Dottore, J. Powell, H.
Ramshaw, J. M. Woodcock, Y. Xu, M. Guthridge, W. J. McKinstry, A. F. Lopez, and M. W.
Parker. The structure of the GM-CSF receptor complex reveals a distinct mode of cytokine
receptor activation. Cell 134:496-507. 2008.

144. Hassan, M. S. H., D. Ojkic, C. S. Coffin, S. C. Cork, F. van der Meer, and M. F. Abdul-
Careem. Delmarva (DMV/1639) infectious bronchitis virus (IBV) variants isolated in Eastern
Canada show evidence of recombination. Viruses 11:1054. 2019.

145. Hauri, H.-P.,, and A. Schweizer. The endoplasmic reticulum-Golgi intermediate
compartment. Current Opinion in Cell Biology 4:600-608. 1992.

146. He, L., Z. Zhang, and Q. Yu. Expression of two foreign genes by a Newcastle disease virus
vector from the optimal insertion sites through a combination of the ITU and IRES-dependent
expression approaches. Frontiers in Microbiology 11:769. 2020.

147. Herrmann, F., W. Oster, S. C. Meuer, A. Lindemann, and R. H. Mertelsmann. Interleukin
1 stimulates T lymphocytes to produce granulocyte-monocyte colony-stimulating factor. The
Journal of Clinical Investigation 81:1415-1418. 1988.

148. Hervey, W. G. Report of the Department of Poultry Husbandry. In: Agricultural
Experimental Station Report. New Jersey Agricultural College, New Brunswick, NJ. 38:179-213.
1925.

149. Heufler, C., F. Koch, and G. Schuler. Granulocyte/macrophage colonystimulating factor
and interleukin 1 mediate the maturation of murine epidermal langerhans cells into potent
immunostimulatory dendritic cells. Journal of Experimental Medicine 167:700-705. 1988.

150. Highfield, P. E., J. Morser, B. Lomniczi, and J. R. Stephenson. Translation of infectious
bronchitis virus RNA. FEMS Microbiology Letters 3:215-218. 1978.

151. Hinshaw, W. R. Infectious or epizootic bronchitis of chickens. The North American
Veterinarian 6:17-20. 1925.

152. Hirata, Y., L. Egea, S. M. Dann, L. Eckmann, and M. F. Kagnoff. GM-CSF-facilitated
dendritic cell recruitment and survival govern the intestinal mucosal response to a mouse enteric
bacterial pathogen. Cell Host and Microbe 7:151-163. 2010.

79



153. Hitchner, S. B. A virus neutralization screening test: Its limitations in classifying field
isolates of infectious bronchitis virus. Avian Pathology 2:103-109. 1973.

154. Hodgson, T., P. Britton, and D. Cavanagh. Neither the RNA nor the proteins of open
reading frames 3a and 3b of the coronavirus infectious bronchitis virus are essential for replication.
Journal of Virology 80:296-305. 2006.

155. Hodgson, T., R. Casais, B. Dove, P. Britton, and D. Cavanagh. Recombinant infectious
bronchitis coronavirus Beaudette with the spike protein gene of the pathogenic M41 strain remains
attenuated but induces protective immunity. Journal of Virology 78:13804-13811. 2004.

156. Hoerr, F. J. Clinical aspects of immunosuppression in poultry. Avian Diseases 54:2-15.
2010.

157. Hofstad, M., and S. Kenzy. Susceptibility of chicks hatched from recovered hens to
infectious bronchitis. The Cornell Veterinarian 40:87-89. 1950.

158. Hofstad, M. S. A study of infectious bronchitis in chickens. I. The pathology of infectious
bronchitis. The Cornell Veterinarian 35:22-31. 1945.

159. Hofstad, M. S. A study of infectious bronchitis in chickens. II. Observations on the carrier
status of chickens recovered from infectious bronchitis. The Cornell Veterinarian 35:32-35. 1945.

160. Hofstad, M. S. A study of infectious bronchitis in chickens. III. Attempts to utilize the
chicken red cell agglutination test as a diagnostic aid in infectious bronchitis. The Cornell
Veterinarian 35:60-61. 1945.

161. Hong, L.-S. Stimulatory versus suppressive effects of GM-CSF on tumor progression in
multiple cancer types. Experimental and Molecular Medicine 48:¢242. 2016.

162. Hopkins, S. R., and H. W. Yoder. Reversion to virulence of chicken-passaged infectious
bronchitis vaccine virus. Avian Diseases 30:221-223. 1986.

163. Hromatka, L., and L. G. Raggi. Studies on inactivated infectious bronchitis vaccine. I.
Response in White Leghorn pullets. Avian Diseases 14:471-478. 1970.

80



164. Hsieh, M. K., C. C. Wu, and T. L. Lin. The effect of co-administration of DNA carrying
chicken interferon-y gene on protection of chickens against infectious bursal disease by DNA-
mediated vaccination. Vaccine 24:6955-6965. 2006.

166. Hu, H., J. P. Roth, C. N. Estevez, L. Zsak, B. Liu, and Q. Yu. Generation and evaluation
of a recombinant Newcastle disease virus expressing the glycoprotein (G) of avian
metapneumovirus subgroup C as a bivalent vaccine in turkeys. Vaccine 29:8624-8633. 2011.

167. Hu, H., J. P. Roth, and Q. Yu. Generation of a recombinant Newcastle disease virus
expressing two foreign genes for use as a multivalent vaccine and gene therapy vector. Vaccine
36:4846-4850. 2018.

168. Huang, Z., S. Elankumaran, A. Panda, and S. K. Samal. Recombinant Newcastle disease
virus as a vaccine vector. Poultry Science 82:899-906. 2003.

169. Huang, Z., S. Elankumaran, A. S. Yunus, and S. K. Samal. A recombinant Newcastle
disease virus (NDV) expressing VP2 protein of infectious bursal disease virus (IBDV) protects
against NDV and IBDV. Journal of Virology 78:10054-10063. 2004.

170.  Huebner, K., M. Isobe, C. M. Croce, D. W. Golde, S. E. Kaufman, and J. C. Gasson. The
human gene encoding GM-CSF is at 5q21-q32, the chromosome region deleted in the 5q- anomaly.
Science 230:1282-1285. 1985.

171.  Online Database: International Committee on Taxonomy of Viruses. In: Virus Taxonomy:
2020 Release. [accessed on: May 20, 2021]. https://talk.ictvonline.org/taxonomy.

172. Ignjatovic, J., and S. Sapats. Identification of previously unknown antigenic epitopes on
the S and N proteins of avian infectious bronchitis virus. Archives of Virology 150:1813-1831.
2005.

173. Inaba, K., M. Inaba, N. Romani, H. Aya, M. Deguchi, S. Ikehara, S. Muramatsu, and R. T.
Steinman. Generation of large numbers of dendritic cells from mouse bone marrow cultures

supplemented with granulocyte/macrophage colony-stimulating factor. Journal of Experimental
Medicine 176:1693-1702. 1992.

174.  Jackwood, M. W. Review of infectious bronchitis virus around the world. Avian Diseases
56:634-641. 2012.

81


https://talk.ictvonline.org/taxonomy

175. Jackwood, M. W., and S. de Wit. Infectious bronchitis. In: Diseases of Poultry, 14 ed. D.
E. Swayne, M. Boulianne, C. M. Logue, L. R. McDougald, V. Nair, D. L. Suarez, S. d. Wit, T.
Grimes, D. Johnson, M. Kromm, T. Y. Prajitno, I. Rubinoff and G. Zavala, eds. Wiley-Blackwell,
Hoboken, NJ. pp 167-188. 2020.

176. Jackwood, M. W., D. A. Hilt, S. A. Callison, C.-W. Lee, H. Plaza, and E. Wade. Spike
glycoprotein cleavage recognition site analysis of infectious bronchitis virus. Avian Diseases
45:366-372. 2001.

177. Jackwood, M. W., D. A. Hilt, C. W. Lee, H. M. Kwon, S. A. Callison, K. M. Moore, H.
Moscoso, H. Sellers, and S. Thayer. Data from 11 years of molecular typing infectious bronchitis
virus field isolates. Avian Diseases 49:614-618. 2005.

178. Jackwood, M. W., D. A. Hilt, A. W. McCall, C. N. Polizzi, E. T. McKinley, and S. M.
Williams. Infectious bronchitis virus field vaccination coverage and persistence of Arkansas-type
viruses in commercial broilers. Avian Diseases 53:175-183. 2009.

179.  Jackwood, M. W., and D.-H. Lee. Different evolutionary trajectories of vaccine-controlled
and non-controlled avian infectious bronchitis viruses in commercial poultry. PLoS One
12:e0176709. 2017.

180. Jackwood, M. W., R. Rosenbloom, M. Petteruti, D. A. Hilt, A. W. McCall, and S. M.
Williams. Avian coronavirus infectious bronchitis virus susceptibility to botanical oleoresins and
essential oils in vitro and in vivo. Virus Research 149:86-94. 2010.

181. Jang, S. L., D. K. Kim, H. S. Lillehoj, S. H. Lee, K. W. Lee, F. Bertrand, L. Dupuis, S.
Deville, J. Ben Arous, and E. P. Lillehoj. Evaluation of Montanide™ ISA 71 VG adjuvant during
profilin vaccination against experimental coccidiosis. PLoS One 8:€59786. 2013.

182. Jang, S. 1., H. S. Lillehoj, S. H. Lee, K. W. Lee, E. P. Lillehoj, F. Bertrand, L. Dupuis, and
S. Deville. Mucosal immunity against Eimeria acervulina infection in broiler chickens following
oral immunization with profilin in Montanide™ adjuvants. Experimental Parasitology 129:36-41.
2011.

183. Janke, M., B. Peeters, O. de Leeuw, R. Moorman, A. Arnold, P. Fournier, and V.
Schirrmacher. Recombinant Newcastle disease virus (NDV) with inserted gene coding for GM-
CSF as a new vector for cancer immunogene therapy. Gene Therapy 14:1639-1649. 2007.

82



184. Jenkins, G. M., A. Rambaut, O. G. Pybus, and E. C. Holmes. Rates of molecular evolution
in RNA viruses: A quantitative phylogenetic analysis. Journal of Molecular Evolution 54:156-165.
2002.

185. Jia, W., K. Karaca, C. R. Parrish, and S. A. Naqi. A novel variant of avian infectious
bronchitis virus resulting from recombination among three different strains. Archives of Virology
140:259-271. 1995.

186. Jiao, H., Z. Pan, Y. Yin, S. Geng, L. Sun, and X. Jiao. Oral and nasal DNA vaccines
delivered by attenuated Sal/monella enterica serovar typhimurium induce a protective immune

response against infectious bronchitis in chickens. Clinical and Vaccine Immunology 18:1041-
1045. 2011.

187. Johnson, M. A., C. Pooley, J. Ignjatovic, and S. G. Tyack. A recombinant fowl adenovirus
expressing the S1 gene of infectious bronchitis virus protects against challenge with infectious
bronchitis virus. Vaccine 21:2730-2736. 2003.

188. Jungherr, E., and N. L. Terrell. Naturally acquired passive immunity to infectious
bronchitis in chicks. American Journal of Veterinary Research 9:201-205. 1948.

189.  Jungherr, E. L., T. W. Chomiak, and R. E. Luginbuhl. Immunologic differences in strains
of infectious bronchitis virus. Proceedings of the 60" Annual Meeting of the United States
Livestock Sanitary Association:203-209. 1956.

190. Kant, A., G. Koch, D. J. van Roozelaar, J. G. Kusters, F. A. Poelwijk, and B. A. van der
Zeijst. Location of antigenic sites defined by neutralizing monoclonal antibodies on the S1 avian
infectious bronchitis virus glycopolypeptide. Journal of General Virology 73:591-596. 1992.

191. Kapczynski, D. R., D. A. Hilt, D. Shapiro, H. S. Sellers, and M. W. Jackwood. Protection
of chickens from infectious bronchitis by in ovo and intramuscular vaccination with a DNA
vaccine expressing the S1 glycoprotein. Avian Diseases 47:272-285. 2003.

192. Kared, H., B. Leforban, R. Montandon, A. Renand, E. Layseca Espinosa, L. Chatenoud,
Y. Rosenstein, E. Schneider, M. Dy, and F. Zavala. Role of GM-CSF in tolerance induction by
mobilized hematopoietic progenitors. Blood 112:2575-2578. 2008.

194.  Kaupp, B. F. Diseases of the respiratory passages. In: Poultry Diseases with a Chapter on
the Anatomy of the Fowl, 2nd ed. D. M. Campbell, ed. American Veterinary Publishing Company,
Chicago, IL. pp 169-170. 1917.

83



195. Kaupp, B. F., and R. S. Dearstyne. Epiornithological outbreak of bronchitis and pneumonia
among fowls during the fall of 1924. National Poultry, Butter and Egg Bulletin 9:20-27. 1925.

196. Kaushansky, K., P. J. O'Hara, K. Berkner, G. M. Segal, F. S. Hagen, and J. W. Adamson.
Genomic cloning, characterization, and multilineage growth-promoting activity of human
granulocyte-macrophage colony-stimulating factor. Proceedings of the National Academy of
Sciences, USA 83:3101-3105. 1986.

197. Keep, S., M. S. Oade, F. Lidzbarski-Silvestre, K. Bentley, P. Stevenson-Leggett, G. L.
Freimanis, C. Tennakoon, N. Sanderson, J. A. Hammond, R. C. Jones, P. Britton, and E. Bickerton.
Multiple novel non-canonically transcribed sub-genomic mRNAs produced by avian coronavirus
infectious bronchitis virus. Journal of General Virology 101:1103-1118. 2020.

198. Keep, S., S. Sives, P. Stevenson-Leggett, P. Britton, L. Vervelde, and E. Bickerton. Limited
cross-protection against infectious bronchitis provided by recombinant infectious bronchitis
viruses expressing heterologous spike glycoproteins. Vaccines 8:330. 2020.

199. Kernohan, G. Infectious bronchitis in fowls. In: Agricultural Experiment Station Bulletin.
University of California, Berkeley, CA. 494:3-22. 1930.

200. Kim, S.-H., A. Paldurai, and S. K. Samal. A novel chimeric Newcastle disease virus
vectored vaccine against highly pathogenic avian influenza virus. Virology 503:31-36. 2017.

201. Klenk, H. D., and W. Garten. Host cell proteases controlling virus pathogenicity. Trends
in Microbiology 2:39-43. 1994,

202. Klumperman, J., J. K. Locker, A. Meijer, M. C. Horzinek, H. J. Geuze, and P. J. Rottier.
Coronavirus M proteins accumulate in the Golgi complex beyond the site of virion budding.
Journal of Virology 68:6523-6534. 1994.

203. Koch, G., L. Hartog, A. Kant, and D. J. van Roozelaar. Antigenic domains on the peplomer
protein of avian infectious bronchitis virus: correlation with biological functions. Journal of
General Virology 71:1929-1935. 1990.

204. Kohanbash, G., K. McKaveney, M. Sakaki, R. Ueda, A. H. Mintz, N. Amankulor, M.
Fujita, J. R. Ohlfest, and H. Okada. GM-CSF promotes the immunosuppressive activity of glioma-
infiltrating myeloid cells through interleukin-4 receptor-a. Cancer Research 73:6413-6123. 2013.

84



205. Komarov, A., and F. R. Beaudette. Carriers of infectious bronchitis. Poultry Science
11:335-338. 1932.

206. Kornfeld, R., and S. Kornfeld. Assembly of asparagine-linked oligosaccharides. Annual
Review of Biochemistry 54:631-664. 1985.

207. Kortekaas, J., A. Dekker, S. M. de Boer, K. Weerdmeester, R. P. M. Vloet, A. A. C. d. Wit,
B. P. H. Peeters, and R. J. M. Moormann. Intramuscular inoculation of calves with an experimental

Newcastle disease virus-based vector vaccine elicits neutralizing antibodies against Rift Valley
fever virus. Vaccine 28:2271-2276. 2010.

208. Kottier, S. A., D. Cavanagh, and P. Britton. Experimental evidence of recombination in
coronavirus infectious bronchitis virus. Virology 213:569-580. 1995.

209. Kirijnse-Locker, J., M. Ericsson, P. J. Rottier, and G. Griffiths. Characterization of the
budding compartment of mouse hepatitis virus: evidence that transport from the RER to the Golgi
complex requires only one vesicular transport step. Journal of Cell Biology 124:55-70. 1994.

210. Kusters, J. G., E. J. Jager, H. G. Niesters, and B. A. van der Zeijst. Sequence evidence for
RNA recombination in field isolates of avian coronavirus infectious bronchitis virus. Vaccine
8:605-608. 1990.

211. Kausters, J. G., H. G. Niesters, J. A. Lenstra, M. C. Horzinek, and B. A. van der Zeijst.
Phylogeny of antigenic variants of avian coronavirus IBV. Virology 169:217-221. 1989.

212.  Ladman, B. S., C. R. Pope, A. F. Ziegler, T. Swieczkowski, J. M. Callahan, S. Davison,
and J. Gelb. Protection of chickens after live and inactivated virus vaccination against challenge

with nephropathogenic infectious bronchitis virus PA/Wolgemuth/98. Avian Diseases 46:938-944.
2002.

213. Lambrechts, C., M. Pensaert, and R. Ducatelle. Challenge experiments to evaluate cross-
protection induced at the trachea and kidney level by vaccine strains and Belgian nephropathogenic
isolates of avian infectious bronchitis virus. Avian Pathology 22:577-590. 1993.

214. Larsen, F. T., B. Guldbrandtsen, D. Christensen, J. Pitcovski, R. B. Kjerup, and T. S.
Dalgaard. Pustulan activates chicken bone marrow-derived dendritic cells in vitro and promotes
ex vivo CD4+ T cell recall response to infectious bronchitis virus. Vaccines 8:226. 2020.

85



215. Lee, C.-W., and M. W. Jackwood. Evidence of genetic diversity generated by
recombination among avian coronavirus IBV. Archives of Virology 145:2135-2148. 2000.

216. Lenstra, J. A., J. G. Kusters, G. Koch, and B. A. van der Zeijst. Antigenicity of the
peplomer protein of infectious bronchitis virus. Molecular Immunology 26:7-15. 1989.

217. Levine, P. P., and M. S. Hofstad. Attempts to control air-borne infectious bronchitis and
Newecastle disease of fowls with sterilamps. The Cornell Veterinarian 37:204-211. 1947.

218. Leyson, C., M. Franga, M. Jackwood, and B. Jordan. Polymorphisms in the S1 spike
glycoprotein of Arkansas-type infectious bronchitis virus (IBV) show differential binding to host
tissues and altered antigenicity. Virology 498:218-225. 2016.

219. Li, D., and D. Cavanagh. Role of pH in syncytium induction and genome uncoating of
avian infectious bronchitis coronavirus (IBV). In: Coronaviruses and their Diseases. D. Cavanagh
and T. D. K. Brown, eds. Springer, Boston, MA. pp 33-36. 1990.

220. Li, D., and D. Cavanagh. Coronavirus IBV-induced membrane fusion occurs at near-
neutral pH. Archives of Virology 122:307-316. 1992.

221. Li, G., W. Chen, W. Yan, K. Zhao, M. Liu, J. Zhang, L. Fei, Q. Xu, Z. Sheng, Y. Lu, and
Z. Zheng. Comparison of immune responses against foot-and-mouth disease virus induced by
fusion proteins using the swine IgG heavy chain constant region or -galactosidase as a carrier of
immunogenic epitopes. Virology 328:274-281. 2004.

222.  Li, H., Y. Wang, Z. Han, Y. Wang, S. Liang, L. Jiang, Y. Hu, X. Kong, and S. Liu.
Recombinant duck enteritis viruses expressing major structural proteins of the infectious bronchitis

virus provide protection against infectious bronchitis in chickens. Antiviral Research 130:19-26.
2016.

223. Li, Z., G. Wang, Y. Wang, C. Zhang, B. Huang, Q. Li, L. Li, B. Xue, P. Ding, X. Cai, C.
Wang, and E.-M. Zhou. Immune responses of pigs immunized with a recombinant porcine
reproductive and respiratory syndrome virus expressing porcine GM-CSF. Veterinary
Immunology and Immunopathology 168:40-48. 2015.

224. Lim, K. P.,and D. X. Liu. The missing link in coronavirus assembly: Retention of the avian
coronavirus infectious bronchitis virus envelope protein in the pre-Golgi compartments and
physical interaction between the envelope and membrane proteins. Journal of Biological
Chemistry 276:17515-17523. 2001.

86



225. Lim, K. P, L. F. Ng, and D. X. Liu. Identification of a novel cleavage activity of the first
papain-like proteinase domain encoded by open reading frame la of the coronavirus Avian
infectious bronchitis virus and characterization of the cleavage products. Journal of Virology
74:1674-1685. 2000.

226. Liu, D. X., D. Cavanagh, P. Green, and S. C. Inglis. A polycistronic mRNA specified by
the coronavirus infectious bronchitis virus. Virology 184:531-544. 1991.

227. Liu, D. X., and S. C. Inglis. Association of the infectious bronchitis virus 3¢ protein with
the virion envelope. Virology 185:911-917. 1991.

228. Liu, S., J. Chen, J. Chen, X. Kong, Y. Shao, Z. Han, L. Feng, X. Cai, S. Gu, and M. Liu.
Isolation of avian infectious bronchitis coronavirus from domestic peafowl (Pavo cristatus) and
teal (Anas). Journal of General Virology 86:719-725. 2005.

229. Loomis, L. N., C. Cunningham, M. Gray, and F. Thorp Jr. Pathology of the chicken embryo
infected with infectious bronchitis virus. American Journal of Veterinary Research 11:245-251.
1950.

230. Lopes, P. D., C. H. Okino, F. S. Fernando, C. Pavani, V. M. Casagrande, R. F. V. Lopez,
M. d. F. S. Montassier, and H. J. Montassier. Inactivated infectious bronchitis virus vaccine
encapsulated in chitosan nanoparticles induces mucosal immune responses and effective
protection against challenge. Vaccine 36:2630-2636. 2018.

231.  Lopez, J., R. McFarlane, and T. Scott. Environmental factors influence the prevalence of
infectious bronchitis virus. In: Proceedings of Australian Poultry Science Symposium. pp 127-
130. 2006.

232. Lukashev, A. N., O. E. Ivanova, T. P. Eremeeva, and R. D. Iggo. Evidence of frequent
recombination among human adenoviruses. Journal of General Virology 89:380-388. 2008.

233. Mach, N., S. Gillessen, S. B. Wilson, C. Sheehan, M. Mihm, and G. Dranoff. Differences
in dendritic cells stimulated in vivo by tumors engineered to secrete granulocyte-macrophage
colony-stimulating factor or FLT3-ligand. Cancer Research 60:3239-3246. 2000.

234. Machamer, C. E., S. A. Mentone, J. K. Rose, and M. G. Farquhar. The E1 glycoprotein of
an avian coronavirus is targeted to the cis Golgi complex. Proceedings of the National Academy
of Sciences, USA 87:6944-6948. 1990.

87



235. Machamer, C. E., and J. K. Rose. A specific transmembrane domain of a coronavirus E1l
glycoprotein is required for its retention in the Golgi region. Journal of Cell Biology 105:1205-
1214. 1987.

236. Machamer, C. E., and S. Youn. The transmembrane domain of the infectious bronchitis
virus E protein is required for efficient virus release. Advances in Experimental Medicine and
Biology 581:193-198. 2006.

237. Macnaughton, M. R., M. H. Madge, H. A. Davies, and R. R. Dourmashkin. Polypeptides
of the surface projections and the ribonucleoprotein of avian infectious bronchitis virus. Journal of
Virology 24:821-825. 1977.

238. Madu, L. G., V. C. Chu, H. Lee, A. D. Regan, B. E. Bauman, and G. R. Whittaker. Heparan
sulfate is a selective attachment factor for the avian coronavirus infectious bronchitis virus
Beaudette. Avian Diseases 51:45-51. 2007.

239. Maier, H. J., P. C. Hawes, E. M. Cottam, J. Mantell, P. Verkade, P. Monaghan, T. Wileman,
and P. Britton. Infectious bronchitis virus generates spherules from zippered endoplasmic
reticulum membranes. mBio 4:¢00801-13. 2013.

240. Maier, H. J., P. C. Hawes, S. M. Keep, and P. Britton. Spherules and IBV. Bioengineered
5:288-292.2014.

241. Maier, H. J., B. W. Neuman, E. Bickerton, S. M. Keep, H. Alrashedi, R. Hall, and P.
Britton. Extensive coronavirus-induced membrane rearrangements are not a determinant of
pathogenicity. Scientific Reports 6:27126. 2016.

242.  Markham, F. S., A. H. Hammar, P. Gingher, H. R. Cox, and J. Storie. Vaccination against
Newecastle disease and infectious bronchitis: 1. Preliminary studies in mass vaccination with live
virus dust vaccines. Poultry Science 34:442-448. 1955.

243,  Marquardt, W. W., D. B. Snyder, and B. A. Schlotthober. Detection and quantification of
antibodies to infectious bronchitis virus by enzyme-linked immunosorbent assay. Avian Diseases
25:713-722. 1981.

244, Martins, N. R. d. S., A. P. A. Mockett, A. D. T. Barrett, and K. A. C. Jane. IgM responses
in chicken serum to live and inactivated infectious bronchitis virus vaccines. Avian Diseases
35:470-475. 1991.

88



245. Matsuguchi, T., Y. Zhao, M. B. Lilly, and A. S. Kraft. The cytoplasmic domain of
granulocyte-macrophage colony-stimulating factor (GM-CSF) receptor alpha subunit is essential
for both GM-CSF-mediated growth and differentiation. The Journal of Biological Chemistry
272:17450-17459. 1997.

246. Matthijs, M. G., A. Bouma, F. C. Velkers, J. H. van Eck, and J. A. Stegeman.
Transmissibility of infectious bronchitis virus H120 vaccine strain among broilers under
experimental conditions. Avian Diseases 52:461-466. 2008.

247. McElreath, J., B. J. Jordan, D. Hilt, and M. W. Jackwood. Arkansas vaccine virus
transmitted to SPF chickens from vaccinated broilers does not provide protection from challenge.
In: Proceedings of Southern Conference on Avian Diseases. Atlanta, GA. p 44. 2014.

248. McKinley, E. T., D. A. Hilt, and M. W. Jackwood. Avian coronavirus infectious bronchitis
attenuated live vaccines undergo selection of subpopulations and mutations following vaccination.
Vaccine 26:1274-1284. 2008.

249. McMartin, D. A. The pathogenicity of an infectious bronchitis virus for laying hens, with
observations on pathogenesis. British Veterinary Journal 124:576-581. 1968.

250. McMartin, D. A. Preliminary investigation of methods for evaluating inactivated vaccines
for infectious bronchitis virus. British Veterinary Journal 124:36-42. 1968.

251. Metcalf, D., G. R. Johnson, and A. W. Burgess. Direct stimulation by purified GM-CSF of
the proliferation of multipotential and erythroid precursor cells. Blood 55:138-147. 1980.

252. Meulemans, G., M. Boschmans, M. Decaesstecker, T. P. van den Berg, P. Denis, and D.

Cavanagh. Epidemiology of infectious bronchitis virus in Belgian broilers: a retrospective study,
1986 to 1995. Avian Pathol 30:411-421. 2001.

253. Minskaia, E., T. Hertzig, A. E. Gorbalenya, V. Campanacci, C. Cambillau, B. Canard, and
J. Ziebuhr. Discovery of an RNA virus 3'—5' exoribonuclease that is critically involved in

coronavirus RNA synthesis. Proceedings of the National Academy of Sciences, USA 103:5108-
5113. 2006.

254. Miyatake, S., T. Otsuka, T. Yokota, F. Lee, and K. Arai. Structure of the chromosomal
gene for granulocyte-macrophage colony stimulating factor: Comparison of the mouse and human
genes. The EMBO Journal 4:2561-2568. 1985.

&9



255.  Mockett, A. P., D. Cavanagh, and T. D. Brown. Monoclonal antibodies to the S1 spike and
membrane proteins of avian infectious bronchitis coronavirus strain Massachusetts M41. Journal
of General Virology 65:2281-2286. 1984.

256. Mohajer Shojai, T., A. Ghalyanchi Langeroudi, V. Karimi, A. Barin, and N. Sadri. The
effect of Allium sativum (Garlic) extract on infectious bronchitis virus in specific pathogen free
embryonic egg. Avicenna Journal of Phytomedicine 6:458-267. 2016.

257. Munker, R., J. Gasson, M. Ogawa, and H. P. Koeffler. Recombinant human TNF induces
production of granulocyte-monocyte colony-stimulating factor. Nature 323:79-82. 1986.

258.  Murr, M., C. Grund, A. Breithaupt, T. C. Mettenleiter, and A. Roemer-Oberdoerfer.
Protection of chickens with maternal immunity against avian influenza virus (AIV) by vaccination
with a novel recombinant Newcastle disease virus vector. Avian Diseases 64:427-436. 2020.

259. Nakagawa, K., K. G. Lokugamage, and S. Makino. Viral and cellular mRNA translation in

coronavirus-infected cells. In: Advances in Virus Research. J. Ziebuhr, ed. Elsevier, Cambridge,
MA. pp 165-192. 2016.

260. Nakaya, T., J. Cros, M.-S. Park, Y. Nakaya, H. Zheng, A. Sagrera, E. Villar, A. Garcia-
Sastre, and P. Palese. Recombinant Newcastle disease virus as a vaccine vector. Journal of
Virology 75:11868-11873. 2001.

261. Naqi, S., K. Gay, P. Patalla, S. Mondal, and R. Liu. Establishment of persistent avian
infectious bronchitis virus infection in antibody-free and antibody-positive chickens. Avian
Diseases 47:594-601. 2003.

262. Ndegwa, E. N., K. S. Joiner, H. Toro, F. W. van Ginkel, and V. L. van Santen. The
proportion of specific viral subpopulations in attenuated Arkansas Delmarva poultry industry
infectious bronchitis vaccines influences vaccination outcome. Avian Diseases 56:642-653. 2012.

263. Ng, L. F. P., H. Y. Xu, and D. X. Liu. Further identification and characterization of
products processed from the coronavirus avian infectious bronchitis virus (IBV) 1a polyprotein by

the 3C-like proteinase. In: The Nidoviruses: Coronaviruses and Arteriviruses, 1 ed. E. Lavi, S. R.
Weiss and S. T. Hingley, eds. Springer, Boston, MA. pp 291-298. 2001.

264. Niesters, H. G. M., J. G. Kusters, J. A. Lenstra, W. J. M. Spaan, M. C. Horzined, and B. A.
M. van der Zeijst. The neutralization epitopes on the spike protein of infectious bronchitis virus

and their antigenic variation. In: Coronaviruses. M. M. C. Lai and S. A. Stohlman, eds. Springer
US, Boston, MA. pp 483-492. 1987.

90



265. Niu, M., Y. Han, and W. Li. Baculovirus up-regulates antiviral systems and induces
protection against infectious bronchitis virus challenge in neonatal chicken. International
Immunopharmacology 8:1609-1615. 2008.

266. Online Database: OIE World Animal Health Information System. Avian infectious
bronchitis. In: Bi-Annual Reports 2005-2019. Paris, France. [accessed on: May 04, 2021].
https://wahis.oie.int/#/dashboards/qd-dashboard.

267. OIE. Avian infectious bronchitis. In: Manual of Diagnostic Tests and Vaccines for
Terrestrial Animals, 8 ed. Office International des Epizooties, Paris, France. pp 796-809. 2019.

268. Otsuki, K., and Y. Iritani. Preparation and immunological response to a new mixed vaccine
composed of inactivated Newcastle disease virus, inactivated infectious bronchitis virus, and
inactivated Hemophilus gallinarum. Avian Diseases 18:297-304. 1974.

269. Otsuki, K., K. Noro, H. Yamamoto, and M. Tsubokura. Studies on avian infectious
bronchitis virus (IBV). Archives of Virology 60:115-122. 1979.

270. Paine, R., 3rd, A. M. Preston, S. Wilcoxen, H. Jin, B. B. Siu, S. B. Morris, J. A. Reed, G.
Ross, J. A. Whitsett, and J. M. Beck. Granulocyte-macrophage colony-stimulating factor in the

innate immune response to Prneumocystis carinii pneumonia in mice. The Journal of Immunology
164:2602-2609. 2000.

271. Parker, J. N., L. A. Pfister, D. Quenelle, G. Y. Gillespie, J. M. Markert, E. R. Kern, and R.
J. Whitley. Genetically engineered herpes simplex viruses that express IL-12 or GM-CSF as
vaccine candidates. Vaccine 24:1644-1652. 2006.

272.  Parmiani, G., C. Castelli, L. Pilla, M. Santinami, M. P. Colombo, and L. Rivoltini. Opposite
immune functions of GM-CSF administered as vaccine adjuvant in cancer patients. Annals of
Oncology 18:226-232. 2007.

273. Parsons, L. M., K. M. Bouwman, H. Azurmendi, R. P. de Vries, J. F. Cipollo, and M. H.
Verheije. Glycosylation of the viral attachment protein of avian coronavirus is essential for host
cell and receptor binding. Journal of Biological Chemistry 294:7797-7809. 2019.

274. Patterson, S., and R. W. Bingham. Electron microscope observations on the entry of avian
infectious bronchitis virus into susceptible cells. Archives of virology 52:191-200. 1976.

91


https://wahis.oie.int/%23/dashboards/qd-dashboard

275. Peeters, B. P., O. S. de Leeuw, G. Koch, and A. L. Gielkens. Rescue of Newcastle disease
virus from cloned cDNA: Evidence that cleavability of the fusion protein is a major determinant
for virulence. Journal of Virology 73:5001-5009. 1999.

276. Pei, J., W. E. Briles, and E. W. Collisson. Memory T cells protect chicks from acute
infectious bronchitis virus infection. Virology 306:376-384. 2003.

277. Pendleton, A. R., and C. E. Machamer. Infectious bronchitis virus 3a protein localizes to a
novel domain of the smooth endoplasmic reticulum. Journal of Virology 79:6142-6151. 2005.

278. Pénzes, Z.,C. Wroe, T. D. Brown, P. Britton, and D. Cavanagh. Replication and packaging
of coronavirus infectious bronchitis virus defective RNAs lacking a long open reading frame.
Journal of Virology 70:8660-8668. 1996.

279. Price, R. J., C. A. Bottorff, K. Seeger, A. W. Sylstra, and F. S. Markham. Vaccination
against Newcastle disease and infectious bronchitis: 2. Field trials in mass vaccination with live
virus dust vaccines. Poultry Science 34:449-455. 1955.

280. Prince, R. P., L. M. Potter, R. E. Luginbuhl, and T. Chomiak. Effect of ventilation rate on
the performance of chicks inoculated with infectious bronchitis virus. Poultry Science 41:268-272.
1962.

281. Promkuntod, N., R. E. W. van Eijndhoven, G. de Vrieze, A. Grone, and M. H. Verheije.
Mapping of the receptor-binding domain and amino acids critical for attachment in the spike
protein of avian coronavirus infectious bronchitis virus. Virology 448:26-32. 2014.

282. Promkuntod, N., I. N. A. Wickramasinghe, G. de Vrieze, A. Grone, and M. H. Verheije.
Contributions of the S2 spike ectodomain to attachment and host range of infectious bronchitis
virus. Virus Research 177:127-137. 2013.

283.  Purchase, H. G., C. H. Cunningham, and B. R. Burmester. Identification and epizootiology
of infectious bronchitis in a closed flock. Avian Diseases 10:111-121. 1966.

284. Qin, H., and S. K. Chatterjee. Cancer gene therapy using tumor cells infected with
recombinant vaccinia virus expressing GM-CSF. Human Gene Therapy 7:1853-1860. 1996.

285. Raggi, L. G., and G. G. Lee. Lack of correlation between infectivity, serologic response
and challenge results in immunization with an avian infectious bronchitis vaccine. The Journal of

Immunology 94:538-543. 1965.

92



286. Raggi, L. G., D. C. Young, and J. M. Sharma. Synergism between avian infectious
bronchitis virus and Haemophilus gallinarum. Avian Diseases 11:308-321. 1967.

288. Raj, G. D., and R. C. Jones. Infectious bronchitis virus: Immunopathogenesis of infection
in the chicken. Avian Pathology 26:677-706. 1997.

289. Rautenschlein, S., and H.-C. Philipp. Infectious bronchitis: 80 years of control efforts to
combat a coronavirus infection in poultry. Berliner und Miinchener Tierdrztliche Wochenschrift
134:1-8. 2021.

290. Razelle, K. Granulocyte-macrophage colony-stimulating factor. In: Holland-Frei Cancer
Medicine, 6th ed. D. W. Kufe, R. E. Pollock, R. R. Weichselbaum, R. C. Bast, T. S. Gansler, J. F.
Holland and E. Frei, eds. BC Decker, Hamilton, ON. 2003.

291. Regan-Komito, D., J. W. Swann, P. Demetriou, E. S. Cohen, N. J. Horwood, S. N. Sansom,
and T. Griseri. GM-CSF drives dysregulated hematopoietic stem cell activity and pathogenic

extramedullary myelopoiesis in experimental spondyloarthritis. Nature Communications 11:155.
2020.

292.  Rohaim, M. A., R. F. El Naggar, M. M. Hamoud, A.-H. 1. Bazid, A. M. Gamal, S. E. Laban,
M. A. Abdel-Sabour, S. A. E. Nasr, M. M. Zaki, M. Z. Shabbir, O. K. Zahran, and M. Munir.
Emergence and genetic analysis of variant pathogenic 4/91 (serotype 793/B) infectious bronchitis
virus in Egypt during 2019. Virus Genes 55:720-725. 2019.

293.  Rozwarski, D. A., K. Diederichs, R. Hecht, T. Boone, and P. A. Karplus. Refined crystal
structure and mutagenesis of human granulocyte-macrophage colony-stimulating factor. Proteins
26:304-313. 1996.

294. Ruch, T. R., and C. E. Machamer. The hydrophobic domain of infectious bronchitis virus
E protein alters the host secretory pathway and is important for release of infectious virus. Journal
of Virology 85:675-685. 2011.

295. Salmon, D. E. Bronchitis. In: The Diseases of Poultry. G.E. Howard and Company,
Washington, DC. pp 37-40. 1899.

296. Santos, R.M.d., F.S. Fernando, M. d. F. S. Montassier, K. R. Silva, P. D. Lopes, C. Pavani,
M. M. Borzi, C. H. Okino, and H. J. Montassier. Memory immune responses and protection of
chickens against a nephropathogenic infectious bronchitis virus strain by combining live

heterologous and inactivated homologous vaccines. The Journal of Veterinary Medical Science
81:612-619. 2019.

93



297.  Sawicki, S. G., and D. L. Sawicki. Coronaviruses use discontinuous extension for synthesis
of subgenome-length negative strands. Advances in Experimental Medicine and Biology 380:499-
506. 1995.

298. Schalk, A. F., and M. C. Hawn. An apparently new respiratory disease of baby chicks.
Journal of American Veterinary Medical Association 78:413-423. 1931.

299. Schmid, J. A. The acidic environment in endocytic compartments. The Biochemical
Journal 303:679-680. 1994.

300. Schochetman, G., R. H. Stevens, and R. W. Simpson. Presence of infectious
polyadenylated RNA in coronavirus avian bronchitis virus. Virology 77:772-782. 1977.

301. Schultze, B., D. Cavanagh, and G. Herrler. Neuraminidase treatment of avian infectious
bronchitis coronavirus reveals a hemagglutinating activity that is dependent on sialic acid-
containing receptors on erythrocytes. Virology 189:792-794. 1992.

302. Sedegah, M., Y. Charoenvit, L. Minh, M. Belmonte, V. F. Majam, S. Abot, H. Ganeshan,
S. Kumar, D. J. Bacon, A. Stowers, D. L. Narum, D. J. Carucci, and W. O. Rogers. Reduced
immunogenicity of DNA vaccine plasmids in mixtures. Gene Therapy 11:448-456. 2004.

303. Seo, S. H., J. Pei, W. E. Briles, J. Dzielawa, and E. W. Collisson. Adoptive transfer of
infectious bronchitis virus primed aff T cells bearing CD8 antigen protects chicks from acute
infection. Virology 269:183-189. 2000.

304. Seo, S. H., L. Wang, R. Smith, and E. W. Collisson. The carboxyl-terminal 120-residue
polypeptide of infectious bronchitis virus nucleocapsid induces cytotoxic T lymphocytes and
protects chickens from acute infection. Journal of Virology 71:7889-7894. 1997.

305. Sethna, P. B., S.-L. Hung, and D. A. Brian. Coronavirus subgenomic minus-strand RNAs
and the potential for mRNA replicons. Proceedings of the National Academy of Sciences, USA
86:5626-5630. 1989.

306. Sevoian, M., and P. P. Levine. Effects of infectious bronchitis on the reproductive tracts,
egg production, and egg quality of laying chickens. Avian Diseases 1:136-164. 1957.

307. Shachar, I., and N. Karin. The dual roles of inflammatory cytokines and chemokines in the
regulation of autoimmune diseases and their clinical implications. Journal of Leukocyte Biology
93:51-61. 2013.

94



308. Shahwan, K., M. Hesse, A.-K. Mork, G. Herrler, and C. Winter. Sialic acid binding
properties of soluble coronavirus spike (S1) proteins: Differences between infectious bronchitis
virus and transmissible gastroenteritis virus. Viruses 5:1924-1933. 2013.

309. Shang, J., Y. Zheng, Y. Yang, C. Liu, Q. Geng, C. Luo, W. Zhang, and F. Li. Cryo-EM
structure of infectious bronchitis coronavirus spike protein reveals structural and functional
evolution of coronavirus spike proteins. PLoS Pathogens 14:¢1007009. 2018.

310. Shannon, M. F., J. R. Gamble, and M. A. Vadas. Nuclear proteins interacting with the
promoter region of the human granulocyte/macrophage colony-stimulating factor gene.
Proceedings of the National Academy of Sciences, USA 85:674-678. 1988.

311. Shannon, M. F., L. M. Pell, M. J. Lenardo, E. S. Kuczek, F. S. Occhiodoro, S. M. Dunn,
and M. A. Vadas. A novel tumor necrosis factor-responsive transcription factor which recognizes
aregulatory element in hemopoietic growth factor genes. Molecular and Cellular Biology 10:2950-
2959. 1990.

312.  Shaw, G., and R. Kamen. A conserved AU sequence from the 3' untranslated region of
GM-CSF mRNA mediates selective mRNA degradation. Cell 46:659-667. 1986.

313.  Shen, S., Y. C. Law, and D. X. Liu. A single amino acid mutation in the spike protein of
coronavirus infectious bronchitis virus hampers its maturation and incorporation into virions at the
nonpermissive temperature. Virology 326:288-298. 2004.

314. Shen, S.,Z. L. Wen, and D. X. Liu. Emergence of a coronavirus infectious bronchitis virus
mutant with a truncated 3b gene: functional characterization of the 3b protein in pathogenesis and
replication. Virology 311:16-27. 2003.

315.  Shi, X.-M., Y. Zhao, H.-B. Gao, Z. Jing, M. Wang, H.-Y. Cui, G.-Z. Tong, and Y.-F. Wang.
Evaluation of recombinant fowlpox virus expressing infectious bronchitis virus S1 gene and
chicken interferon-y gene for immune protection against heterologous strains. Vaccine 29:1576-
1582.2011.

316. Shi, Y., C. H. Liu, A. I. Roberts, J. Das, G. Xu, G. Ren, Y. Zhang, L. Zhang, Z. R. Yuan,
H. S. W. Tan, G. Das, and S. Devadas. Granulocyte-macrophage colony-stimulating factor (GM-
CSF) and T-cell responses: what we do and don't know. Cell Research 16:126-133. 2006.

317. Shirvani, E., A. Paldurai, V. K. Manoharan, B. P. Varghese, and S. K. Samal. A
recombinant Newcastle disease virus (NDV) expressing S protein of infectious bronchitis virus
(IBV) protects chickens against IBV and NDV. Scientific Reports 8:11951. 2018.

95



318. Shirvani, E., and S. K. Samal. Comparative protective efficacies of novel avian
paramyxovirus-vectored vaccines against virulent infectious bronchitis virus in chickens. Viruses
12:697. 2020.

319. Smith, W. H., J. K. Cook, and Z. E. Parsell. The experimental infection of chickens with
mixtures of infectious bronchitis virus and Escherichia coli. Journal of General Virology 66:777-
786. 1985.

320. Snijder, E. J., R. W. A. L. Limpens, A. H. de Wilde, A. W. M. de Jong, J. C. Zevenhoven-
Dobbe, H. J. Maier, F. F. G. A. Faas, A. J. Koster, and M. Barcena. A unifying structural and
functional model of the coronavirus replication organelle: Tracking down RNA synthesis. PLoS
Biology 18:€3000715. 2020.

321. Song,C.S.,Y.J.Lee, C. W. Lee, H. W. Sung, J. H. Kim, I. P. Mo, Y. Izumiya, H. K. Jang,
and T. Mikami. Induction of protective immunity in chickens vaccinated with infectious bronchitis
virus S1 glycoprotein expressed by a recombinant baculovirus. Journal of General Virology
79:719-723. 1998.

322. Spath, S., J. Komuczki, M. Hermann, P. Pelczar, F. Mair, B. Schreiner, and B. Becher.
Dysregulation of the cytokine GM-CSF induces spontaneous phagocyte invasion and
immunopathology in the central nervous system. Immunity 46:245-260. 2017.

323. Spitler, L. E., M. L. Grossbard, M. S. Ernstoff, G. Silver, M. Jacobs, F. A. Hayes, and S. J.
Soong. Adjuvant therapy of stage III and IV malignant melanoma using granulocyte-macrophage
colony-stimulating factor. Journal of Clinical Oncology 18:1614-1621. 2000.

324. Stanley, E., D. Metcalf, P. Sobieszczuk, N. M. Gough, and A. R. Dunn. The structure and
expression of the murine gene encoding granulocyte-macrophage colony stimulating factor:
Evidence for utilisation of alternative promoters. The EMBO Journal 4:2569-2573. 1985.

325. Stern, D. F., and S. I. Kennedy. Coronavirus multiplication strategy. I. Identification and
characterization of virus-specified RNA. Journal of Virology 34:665-674. 1980.

326. Stern, D. F., and S. I. Kennedy. Coronavirus multiplication strategy. II. Mapping the avian
infectious bronchitis virus intracellular RNA species to the genome. Journal of Virology 36:440-
449. 1980.

327. Stern, D. F., and B. M. Sefton. Coronavirus proteins: Biogenesis of avian infectious
bronchitis virus virion proteins. Journal of Virology 44:794-803. 1982.

96



328. Stern, D. F., and B. M. Sefton. Coronavirus proteins: Structure and function of the
oligosaccharides of the avian infectious bronchitis virus glycoproteins. Journal of Virology
44:804-812. 1982.

329. Stevenson-Leggett, P., S. Keep, and E. Bickerton. Treatment with exogenous trypsin
expands in vitro cellular tropism of the avian coronavirus infectious bronchitis virus. Viruses
12:1102. 2020.

330. Su, B. S., H. H. Chiu, C. C. Lin, J. H. Shien, H. S. Yin, and L. H. Lee. Adjuvant activity
of chicken interleukin-12 co-administered with infectious bursal disease virus recombinant VP2
antigen in chickens. Veterinary Immunology and Immunopathology 139:167-175. 2011.

331.  Sun, W., S. McCroskery, W.-C. Liu, S. R. Leist, Y. Liu, R. A. Albrecht, S. Slamanig, J.
Oliva, F. Amanat, A. Schifer, K. H. Dinnon, B. L. Innis, A. Garcia-Sastre, F. Krammer, R. S.
Baric, and P. Palese. A Newcastle disease virus (NDV) expressing a membrane-anchored spike as
a cost-effective inactivated SARS-CoV-2 vaccine. Vaccines 8:771. 2020.

332. Tahara, S. M., T. A. Dietlin, C. C. Bergmann, G. W. Nelson, S. Kyuwa, R. P. Anthony,
and S. A. Stohlman. Coronavirus translational regulation: Leader affects mRNA efficiency.
Virology 202:621-630. 1994.

333. Tan, B., H. Wang, L. Shang, and T. Yang. Coadministration of chicken GM-CSF with a
DNA vaccine expressing infectious bronchitis virus (IBV) S1 glycoprotein enhances the specific
immune response and protects against IBV infection. Archives of Virology 154:1117-1124. 2009.

334. Tan, L., G. Wen, X. Qiu, Y. Yuan, C. Meng, Y. Sun, Y. Liao, C. Song, W. Liu, Y. Shi, H.
Shao, and C. Ding. A recombinant La Sota vaccine strain expressing multiple epitopes of
infectious bronchitis virus (IBV) protects specific pathogen-free (SPF) chickens against IBV and
NDV challenges. Vaccines 7:170. 2019.

335. Tan, L., G. Wen, Y. Yuan, M. Huang, Y. Sun, Y. Liao, C. Song, W. Liu, Y. Shi, H. Shao,
X. Qiu, and C. Ding. Development of a recombinant thermostable Newcastle disease virus (NDV)
vaccine express infectious bronchitis virus (IBV) multiple epitopes for protecting against IBV and
NDV challenges. Vaccines 8:564. 2020.

336. Tan, L., Y. Zhang, F. Liu, Y. Yuan, Y. Zhan, Y. Sun, X. Qiu, C. Meng, C. Song, and C.
Ding. Infectious bronchitis virus poly-epitope-based vaccine protects chickens from acute
infection. Vaccine 34:5209-5216. 2016.

97



337. Tan, Y. W., T. S. Fung, H. Shen, M. Huang, and D. X. Liu. Coronavirus infectious
bronchitis virus non-structural proteins 8 and 12 form stable complex independent of the non-
translated regions of viral RNA and other viral proteins. Virology 513:75-84. 2018.

338. Tang, M., H. Wang, S. Zhou, and G. Tian. Enhancement of the immunogenicity of an
infectious bronchitis virus DNA vaccine by a bicistronic plasmid encoding nucleocapsid protein
and interleukin-2. Journal of Virological Methods 149:42-48. 2008.

339. Tannock, G. A. The nucleic acid of infectious bronchitis virus. Archiv fiir die gesamte
Virusforschung 43:259-271. 1973.

340. Tarpey, ., A. A. van Loon, N. de Haas, P. J. Davis, S. Orbell, D. Cavanagh, P. Britton, R.
Casais, P. Sondermeijer, and R. Sundick. A recombinant turkey herpesvirus expressing chicken
interleukin-2 increases the protection provided by in ovo vaccination with infectious bursal disease
and infectious bronchitis virus. Vaccine 25:8529-8535. 2007.

341. Tazi, A., F. Bouchonnet, M. Grandsaigne, L. Boumsell, I. A. J. Hance, and P. Soler.
Evidence that granulocyte macrophage-colony stimulating factor regulates the distribution and
differentiated state of dendritic cells/Langerhans cells in human lung and lung cancers. Journal of
Clinical Investigation 91:566-576. 1993.

342. Tian, L., H. Wang, D. Lu, Y. Zhang, T. Wang, and R. Kang. The immunoreactivity of a
chimeric multi-epitope DNA vaccine against IBV in chickens. Biochemical and Biophysical
Research Communications 377:221-225. 2008.

343. Timms, L. M., and C. D. Bracewell. Cell mediated and humoral immune response of
chickens to inactivated oil-emulsion infectious bronchitis vaccine. Research in Veterinary Science
34:224-230. 1983.

344. Tomley, F., M. Binns, M. Boursnell, and A. Mockett. Expression of IBV spike protein by
a vaccinia virus recombinant. In: Coronaviruses. M. M. C. Lai and S. A. Stohlman, eds. Springer,
Boston, MA. pp 151-153. 1987.

345. Tooze, S. A., J. Tooze, and G. Warren. Site of addition of N-acetyl-galactosamine to the
E1 glycoprotein of mouse hepatitis virus-A59. Journal of Cell Biology 106:1475-1487. 1988.

346. Toro, H. Infectious bronchitis virus: Dominance of ArkDPI-type strains in the United
States broiler industry during the last decade. Brazilian Journal of Poultry Science 12:79-86. 2010.

98



347. Toro, H., D. Pennington, R. A. Gallardo, V. L. van Santen, F. W. van Ginkel, J. Zhang,
and K. S. Joiner. Infectious bronchitis virus subpopulations in vaccinated chickens after challenge.
Avian Diseases 56:501-508. 2012.

348. Toro, H., V. L. van Santen, A. M. Ghetas, and K. S. Joiner. Cross-protection by infectious
bronchitis viruses under controlled experimental conditions. Avian Diseases 59:532-536. 2015.

349. Toro, H., V. L. van Santen, and M. W. Jackwood. Genetic diversity and selection regulates
evolution of infectious bronchitis virus. Avian Diseases 56:449-455. 2012.

350. Toro, H., V. L. van Santen, L. Li, S. B. Lockaby, E. van Santen, and F. J. Hoerr.
Epidemiological and experimental evidence for immunodeficiency affecting avian infectious
bronchitis. Avian Pathology 35:455-464. 2006.

351. Toro, H., J. F. Zhang, R. A. Gallardo, V. L. van Santen, F. W. van Ginkel, K. S. Joiner,
and C. Breedlove. S1 of distinct IBV population expressed from recombinant adenovirus confers
protection against challenge. Avian Diseases 58:211-215. 2014.

352. Toro, H., W. Zhao, C. Breedlove, Z. Zhang, V. van Santen, and Q. Yu. Infectious bronchitis
virus S2 expressed from recombinant virus confers broad protection against challenge. Avian
Diseases 58:83-89. 2014.

353. Uchida, K., D. C. Beck, T. Yamamoto, P.-Y. Berclaz, S. Abe, M. K. Staudt, B. C. Carey,
M.-D. Filippi, S. E. Wert, L. A. Denson, J. T. Puchalski, D. M. Hauck, and B. C. Trapnell. GM-
CSF autoantibodies and neutrophil dysfunction in pulmonary alveolar proteinosis. New England
Journal of Medicine 356:567-579. 2007.

354. Uppal, P. K., and H. P. Chu. An electron-microscope study of the trachea of the fowl
infected with avian infectious bronchitis virus. Journal of Medical Microbiology 3:643-647. 1970.

355. Valastro, V., E. C. Holmes, P. Britton, A. Fusaro, M. W. Jackwood, G. Cattoli, and I.
Monne. S1 gene-based phylogeny of infectious bronchitis virus: An attempt to harmonize virus
classification. Infection, Genetics and Evolution 39:349-364. 2016.

356. van Ginkel, F. W., V. L. van Santen, S. L. Gulley, and H. Toro. Infectious bronchitis virus
in the chicken harderian gland and lachrymal fluid: Viral load, infectivity, immune cell responses,
and effects of viral immunodeficiency. Avian Diseases 52:608-617. 2008.

99



357. van Nieuwenhuijze, A., M. Koenders, D. Roeleveld, M. A. Sleeman, W. van den Berg, and
I. P. Wicks. GM-CSF as a therapeutic target in inflammatory diseases. Molecular Immunology
56:675-682.2013.

358. van Roekel, H., K. L. Bullis, O. S. Flint, and M. K. Clarke. Poultry disease control service.
In: Agricultural Experiment Station Bulletin. Massachusetts State College, Amherst, MA. 388:99-
103. 1942.

359. van Roekel, H., M. K. Clarke, K. L. Bullis, O. M. Olesiuk, and F. G. Sperling. Infectious
bronchitis. American Journal of Veterinary Research 12:140-146. 1951.

360. wvan Santen, V. L., and H. Toro. Rapid selection in chickens of subpopulations within
ArkDPI-derived infectious bronchitis virus vaccines. Avian Pathology 37:293-306. 2008.

361. Vennema, H., L. Heijnen, A. Zijderveld, M. C. Horzinek, and W. J. Spaan. Intracellular
transport of recombinant coronavirus spike proteins: Implications for virus assembly. Journal of
Virology 64:339-346. 1990.

362. Villegas, P. Titration of biological suspensions. In: A Laboratory Manual for the Isolation,
Identification and Characterization of Avian Pathogens, 6th ed. Dufour-Zavala L, Jackwood MW,
L. B. Lee MD, Reed WM, Spackman E and W. PR, eds. American Association of Avian
Pathologists, Athens, GA. pp 355-360. 2016.

363.  Wackenell, P. S., S. G. Thayer, and C. W. Beard. Serologic procedures. In: A Laboratory
Manual for the Isolation, Identification and Characterization of Avian Pathogens, 6th ed. S. M.
Williams, ed. American Association of Avian Pathologists, Athens, GA. pp 343-354. 2016.

364. Walls, A. C., M. A. Tortorici, J. Snijder, X. Xiong, B.-J. Bosch, F. A. Rey, and D. Veesler.
Tectonic conformational changes of a coronavirus spike glycoprotein promote membrane fusion.
Proceedings of the National Academy of Sciences, USA 114:11157-11162. 2017.

365. Wang, H., X. Yuan, Y. Sun, X. Mao, C. Meng, L. Tan, C. Song, X. Qiu, C. Ding, and Y.
Liao. Infectious bronchitis virus entry mainly depends on clathrin mediated endocytosis and
requires classical endosomal/lysosomal system. Virology 528:118-136. 2019.

366. Wang, L., D. Junker, and E. W. Collisson. Evidence of natural recombination within the
S1 gene of infectious bronchitis virus. Virology 192:710-716. 1993.

100



367. Wang, X.-J., C.-G. Li, X.-J. Chi, and M. Wang. Characterisation and evaluation of antiviral
recombinant peptides based on the heptad repeat regions of NDV and IBV fusion glycoproteins.
Virology 416:65-74. 2011.

368. Wang, X., X. Wang, Y. Jia, C. Wang, Q. Han, Z. H. Lu, and Z. Yang. Adenoviral-expressed
recombinant granulocyte monocyte colony-stimulating factor (GM-CSF) enhances protective

immunity induced by inactivated Newcastle Disease Virus (NDV) vaccine. Antiviral Research
144:322-329. 2017.

369. Wang, X., X. Wang, Y. Jia, C. Wang, Q. Tang, Q. Han, S. Xiao, and Z. Yang.
Coadministration of recombinant adenovirus expressing GM-CSF with inactivated HSN1 avian
influenza vaccine increased the immune responses and protective efficacy against a wild bird
source of HSN1 challenge. Journal of Interferon & Cytokine Research 37:467-473. 2017.

370. Wang, Y.-F., Y.-K. Sun, Z.-C. Tian, X.-M. Shi, G.-Z. Tong, S.-W. Liu, H.-D. Zhi, X.-G.
Kong, and M. Wang. Protection of chickens against infectious bronchitis by a recombinant
fowlpox virus co-expressing IBV-S1 and chicken IFNy. Vaccine 27:7046-7052. 2009.

371. Warren, G. Signals and salvage sequences. Nature 327:17-18. 1987.

372.  Wei, Y.-Q., H.-C. Guo, H. Dong, H.-M. Wang, J. Xu, D.-H. Sun, S.-G. Fang, X.-P. Cai,
D.-X. Liu, and S.-Q. Sun. Development and characterization of a recombinant infectious bronchitis
virus expressing the ectodomain region of S1 gene of H120 strain. Applied Microbiology and
Biotechnology 98:1727-1735. 2014.

373.  Westerbeck, J. W., and C. E. Machamer. The infectious bronchitis coronavirus envelope
protein alters Golgi pH to protect the spike protein and promote the release of infectious virus.
Journal of Virology 93:¢00015-00019. 2019.

374. Wickramasinghe, I. N. A., R. P. de Vries, A. Grone, C. A. M. de Haan, and M. H. Verheije.
Binding of avian coronavirus spike proteins to host factors reflects virus tropism and
pathogenicity. Journal of Virology 85:8903-8912. 2011.

375.  Wimperis, J. Z., C. M. Niemeyer, C. A. Sieff, B. Mathey-Prevot, D. G. Nathan, and R. J.
Arceci. Granulocyte-macrophage colony-stimulating factor and interleukin-3 mRNAs are
produced by a small fraction of blood mononuclear cells. Blood 74:1525-1530. 1989.

376. Winter, C., C. Schwegmann-WeBels, D. Cavanagh, U. Neumann, and G. Herrler. Sialic
acid is a receptor determinant for infection of cells by avian Infectious bronchitis virus. Journal of
General Virology 87:1209-1216. 2006.

101



377. Winterfield, R. W. Immunity response from an inactivated infectious bronchitis vaccine.
Avian Diseases 11:446-451. 1967.

378. Winterfield, R. W., and M. A. Albassam. Nephropathogenicity of infectious bronchitis
virus. Poultry Science 63:2358-2363. 1984.

379. Winterfield, R. W., and S. B. Hitchner. Etiology of an infectious nephritis-nephrosis
syndrome of chickens. American Journal of Veterinary Research 23:1273-1279. 1962.

380. Woo, P.C.,S.K. Lau, C. S. Lam, C. C. Lau, A. K. Tsang, J. H. Lau, R. Bai, J. L. Teng, C.
C. Tsang, M. Wang, B. J. Zheng, K. H. Chan, and K. Y. Yuen. Discovery of seven novel
Mammalian and avian coronaviruses in the genus deltacoronavirus supports bat coronaviruses as
the gene source of alphacoronavirus and betacoronavirus and avian coronaviruses as the gene
source of gammacoronavirus and deltacoronavirus. Journal of Virology 86:3995-4008. 2012.

381. Yamada, Y., and D. X. Liu. Proteolytic activation of the spike protein at a novel RRRR/S
motif is implicated in furin-dependent entry, syncytium formation, and infectivity of coronavirus
infectious bronchitis virus in cultured cells. Journal of Virology 83:8744-8758. 2009.

382. Yang, T., H.-N. Wang, X. Wang, J.-N. Tang, R. Gao, J. Li, Z.-C. Guo, and Y.-L. Li.
Multivalent DNA vaccine enhanced protection efficacy against infectious bronchitis virus in
chickens. Journal of Veterinary Medical Science 71:1585-1590. 2009.

383. Yang, T., H. N. Wang, X. Wang, J. N. Tang, D. Lu, Y. F. Zhang, Z. C. Guo, Y. L. Li, R.
Gao, and R. M. Kang. The protective immune response against infectious bronchitis virus induced
by multi-epitope based peptide vaccines. Biosci Biotechnol Biochem 73:1500-1504. 2009.

384. Yang, X., Y. Zhou, J. Li, L. Fu, G. Ji, F. Zeng, L. Zhou, W. Gao, and H. Wang.
Recombinant infectious bronchitis virus (IBV) H120 vaccine strain expressing the hemagglutinin-
neuraminidase (HN) protein of Newcastle disease virus (NDV) protects chickens against IBV and
NDV challenge. Archives of Virology 161:1209-1216. 2016.

385. Yin,J., G. L1 J. Li, Q. Yang, and X. Ren. In vitro and in vivo effects of Houttuynia cordata
on infectious bronchitis virus. Avian Pathology 40:491-498. 2011.

386. Yoder, H. W., L. N. Drury, and S. R. Hopkins. Influence of environment on airsacculitis:
Effects of relative humidity and air temperature on broilers infected with Mycoplasma synoviae
and infectious bronchitis. Avian Diseases 21:195-208. 1977.

102



387. Yoshida, N., H. Yagasaki, Y. Xu, K. Matsuda, A. Yoshimi, Y. Takahashi, A. Hama, N.
Nishio, H. Muramatsu, N. Watanabe, K. Matsumoto, K. Kato, J. Ueyama, H. Inada, H. Goto, M.
Yabe, K. Kudo, J. Mimaya, A. Kikuchi, A. Manabe, K. Koike, and S. Kojima. Correlation of
clinical features with the mutational status of GM-CSF signaling pathway-related genes in juvenile
myelomonocytic leukemia. Pediatric Research 65:334-340. 2009.

388. Youn, S., J. L. Leibowitz, and E. W. Collisson. In vitro assembled, recombinant infectious
bronchitis viruses demonstrate that the 5a open reading frame is not essential for replication.
Virology 332:206-215. 2005.

389. Yu, H., D. Gao, Y. Shen, Y. Liu, W. Ping, and J. Ge. [Efficacy enhancement of a
baculovirus-vectored Newcastle Disease Virus F protein vaccine by chicken GM-CSF and IL-2].
Chinese Journal of Biotechnology 34:1442-1452. 2018.

390.  Yu, L., W. Liu, W. M. Schnitzlein, D. N. Tripathy, and J. Kwang. Study of protection by
recombinant fowl poxvirus expressing C-terminal nucleocapsid protein of infectious bronchitis
virus against challenge. Avian Diseases 45:340-348. 2001.

391.  Yu, Q., J. Roth, H. Hu, C. Estevez, W. Zhao, and L. Zsak. Protection by recombinant
Newcastle disease viruses (NDV) expressing the glycoprotein (G) of avian metapneumovirus
(aMPV) subtype A or B against challenge with virulent NDV and aMPV. World Journal of
Vaccines 03:130-139. 2013.

392.  Yuan, L. X., J. Q. Liang, Q. C. Zhu, G. Dai, S. Li, T. S. Fung, and D. X. Liu. A
Gammacoronavirus, avian Infectious bronchitis virus, and an A/phacoronavirus, porcine epidemic

diarrhea virus, exploit a cell survival strategy by upregulating cFOS to promote virus replication.
Journal of Virology 95:¢02107-02120. 2021.

393.  Zegpi, R. A., S. Gulley, V. L. van Santen, K. S. Joiner, and H. Toro. Infectious bronchitis
virus vaccination at day one of age further limits cross-protection. Avian Diseases 63:302-309.
2019.

394.  Zegpi, R. A.,L. He, Q. Yu, K. S. Joiner, V. L. van Santen, and H. Toro. Limited protection
conferred by recombinant Newcastle disease virus expressing infectious bronchitis spike protein.
Avian Diseases 64:53-59. 2020.

395. Zegpi, R. A., K. S. Joiner, V. L. v. Santen, and H. Toro. Infectious bronchitis virus
population structure defines immune response and protection. Avian Diseases 64:60-68. 2020.

103



396. Zeshan, B., M. H. Mushtaq, X. Wang, W. Li, and P. Jiang. Protective immune responses
induced by in ovo immunization with recombinant adenoviruses expressing spike (SI)
glycoprotein of infectious bronchitis virus fused/co-administered with granulocyte-macrophage
colony stimulating factor. Veterinary Microbiology 148:8-17. 2011.

397. Zhang, D., Y. Long, M. Li, J. Gong, X. Li, J. Lin, J. Meng, K. Gao, R. Zhao, and T. Jin.
Development and evaluation of novel recombinant adenovirus-based vaccine candidates for

infectious bronchitis virus and Mycoplasma gallisepticum in chickens. Avian Pathology 47:213-
222.2018.

398. Zhang, X., Y. Wu, Y. Huang, and X. Liu. Protection conferred by a recombinant Marek’s
disease virus that expresses the spike protein from infectious bronchitis virus in specific pathogen-
free chicken. Virology Journal 9:85. 2012.

399. Zhang, Y., H.-N. Wang, T. Wang, W.-Q. Fan, A.-Y. Zhang, K. Wei, G.-B. Tian, and X.
Yang. Complete genome sequence and recombination analysis of infectious bronchitis virus
attenuated vaccine strain H120. Virus Genes 41:377-388. 2010.

400. Zhao, J., K. Zhang, J. Cheng, W. Jia, Y. Zhao, and G. Zhang. Replicase 1a gene plays a
critical role in pathogenesis of avian coronavirus infectious bronchitis virus. Virology 550:1-7.
2020.

401. Zhao, R., J. Sun, T. Qi, W. Zhao, Z. Han, X. Yang, and S. Liu. Recombinant Newcastle
disease virus expressing the infectious bronchitis virus S1 gene protects chickens against
Newecastle disease virus and infectious bronchitis virus challenge. Vaccine 35:2435-2442. 2017.

402. Zhao, W., S. Spatz, Z. Zhang, G. Wen, M. Garcia, L. Zsak, and Q. Yu. Newcastle disease
virus (NDV) recombinants expressing infectious laryngotracheitis virus (ILTV) glycoproteins gB
and gD protect chickens against ILTV and NDV challenges. Journal of Virology 88:8397-8406.
2014.

403. Zhao, X., K. Shaw, and D. Cavanagh. Presence of subgenomic mRNAs in virions of
coronavirus IBV. Virology 196:172-178. 1993.

404. Zhao, Y., J. Cheng, S. Yan, W. Jia, K. Zhang, and G. Zhang. S gene and 5a accessory gene
are responsible for the attenuation of virulent infectious bronchitis coronavirus. Virology 533:12-
20.2019.

104



405. Zhao, Y., H. Zhang, J. Zhao, Q. Zhong, J.-H. Jin, and G.-Z. Zhang. Evolution of infectious
bronchitis virus in China over the past two decades. Journal of General Virology 97:1566-1574.
2016.

406. Zheng, J., Y. Yamada, T. S. Fung, M. Huang, R. Chia, and D. X. Liu. Identification of N-
linked glycosylation sites in the spike protein and their functional impact on the replication and
infectivity of coronavirus infectious bronchitis virus in cell culture. Virology 513:65-74. 2018.

407. Zhou, M., and E. W. Collisson. The amino and carboxyl domains of the infectious
bronchitis virus nucleocapsid protein interact with 3' genomic RNA. Virus Res 67:31-39. 2000.

408. Zhou, M., L. Wang, S. Zhou, Z. Wang, J. Ruan, L. Tang, Z. Jia, M. Cui, L. Zhao, and Z.
F. Fu. Recombinant rabies virus expressing dog GM-CSF is an efficacious oral rabies vaccine for
dogs. Oncotarget 6:38504-38516. 2015.

409. Zhou, M., G. Zhang, G. Ren, C. W. Gnanadurai, Z. Li, Q. Chai, Y. Yang, C. M. Leyson,
W. Wu, M. Cui, and Z. F. Fu. Recombinant rabies viruses expressing GM-CSF or flagellin are
effective vaccines for both intramuscular and oral immunizations. PLoS One 8:¢63384. 2013.

410. Ziebuhr, J. The coronavirus replicase. In: Coronavirus Replication and Reverse Genetics.
L. Enjuanes, ed. Springer, Berlin, Heidelberg. pp 57-94. 2005.

411. Ziebuhr, J., E. J. Snijder, and A. E. Gorbalenya. Virus-encoded proteinases and proteolytic
processing in the Nidovirales. Journal of General Virology 81:853-879. 2000.

412. Zucali, J. R., C. A. Dinarello, D. J. Oblon, M. A. Gross, L. Anderson, and R. S. Weiner.
Interleukin 1 stimulates fibroblasts to produce granulocyte-macrophage colony-stimulating
activity and prostaglandin E2. Journal of Clinical Investigations 77:1857-1863. 1986.

413. Zuo, L., W. Yan, Z. Song, H. Li, X. Xie, K. Gu, P. Ma, Y. Tian, C. Zhou, Y. Zhao, X.
Yang, and H. Wang. Design and Characterization of a DNA Vaccine Based on Spike with
Consensus Nucleotide Sequence against Infectious Bronchitis Virus. Vaccines 9:50. 2021.

105



Table 1: Biological assessments of the rLS/ArkSe.GMCSF virus

Virus MDT? ICPI HA® EIDso!
LaSota 134h 0.15 29 3.16%10°
rLS/ArkSe. GMCSF ~150h 0.18 28 5 62%10°

# Mean death time in embryonating eggs.
® Intracerebral pathogenicity index in 1-day-old chickens
¢ Hemagglutinating titer

450% embryo infective dose
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Figure 1. Expression of IBV Se and NDV HN proteins by IFA
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Fig. 1. Expression of IBV Se and NDV HN proteins by IFA. DF-1 cells were infected at 0.01

rLaSota

rLS/ArkSe.GMCSF  §

MOI with LS and rLS/ArkSe.GMCSF, respectively. At 24hrs post-infection, cells were fixed and
stained with a mixture of chicken anti-Ark-type IBV serum and mouse anti-NDV HN Mab,
followed by a mixture of FITC-labeled goat anti-chicken IgG and Alexa Fluor® 568 labeled goat
anti-mouse IgG. Finally, the infected cells were stained with DAPI. Green, red and blue fluorescent
images taken in the same field of virus-infected cells were merged into a single image. Bars

represent 100um in length.



Figure 2. NDV antibodies determined by hemagglutination inhibition (HI) assay
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Fig 2. NDV antibodies determined by hemagglutination inhibition (HI) assay using chicken sera
(n=19/group) collected 23 days after single vaccination with rLS/ArkSe or rLS/ArkSe.GMCSF.
Data analyzed by ANOVA with Tukey’s multiple comparison post-test. Different letters indicate
significant differences at P<0.05. Exact P values between distinct groups determined by two-tailed

t-tests.
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Figure 3. Protection induced by single vaccination

A Respiratory signs B Viral load in trachea
152 8- P<0.0001
< P=0.026
b E 6 b C d
o i
S 1.07 >
: - - = T T
5y =z 49
§ —|_ ab %
%3 0.5+ —
N =)
T :
a 3 a
0.0 I I I I 0 I I I I
< < o 3 < < o S
< RS RS
< e < e
¥ ¥
¥ \¥
S S
& &

Fig. 3. Protection induced by single vaccination in chickens (n=19-20/group) at 7 days of age with
10% EIDso/bird of rLS/ArkSe or rLS/ArkSe.GMCSF. Chickens were challenged with 10*
EIDso/bird of virulent Ark 24 days post-vaccination and respiratory signs and viral load (relative
IBV RNA) determined 5 days after challenge. NV/NC = non-vaccinated/non-challenged; NV/C =
NCl/challenged controls. (A) Respiratory sign severity scores; means and SEM are shown for each
group. Data analyzed by Kruskal-Wallis test and Dunn posttest. (B) Relative IBV RNA determined
by quantitative RT-PCR in tracheas. Data analyzed by ANOVA and Tukey posttest (boxes: 251
percentile, median, 75" percentile; whiskers: minimum and maximum). Different letters indicate
significant differences at P<0.05. Exact P values between distinct groups determined by two-tailed

t-tests.
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Figure 4. Tracheal histomorphometry and histopathology
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Fig 4. Tracheal histomorphometry and histopathology of chickens treated as described in legend
of Fig. 2. NV/UC = non-vaccinated/non-challenged and NV/C = non-vaccinated/challenged
controls. Tracheal histomorphometry (A) mucosal thickness and (B) lymphocytic infiltration
presented in arbitrary units using ImagelJ. Values analyzed by ANOV A and Tukey posttest (boxes:
25™ percentile, median, 75" percentile; whiskers: minimum and maximum). Different letters
indicate significant differences at P<0.05. Exact P values between distinct groups determined by

two-tailed #-tests.
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Figure 5. Protection induced by prime and booster vaccination
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Fig 5. Protection induced in chickens (n=20/group) by prime and booster vaccination regime with
rLS/ArkSe.GMCSF and a commercial live-attenuated Massachusetts (Mass)-type vaccine.
Chickens were prime vaccinated at 1 day of age with either 10 EIDso/bird of rLS/Ark.Se.GM-
CSF or a commercial live Mass vaccine at recommended dose. Booster vaccination was performed
at 14 days of age. Mass/rTLSArkSe.GMCSF = primed with Mass and boosted with recombinant
virus. r(LSArkSe.GMCSF/Mass = primed with recombinant virus and boosted with Mass. Controls
include a group vaccinated with Mass only as well as NV/NC = non-vaccinated/non-challenged
and NV/C = non-vaccinated/challenged. Challenge performed ocularly at 16 days post-boost with
10* EIDso/bird of virulent Ark. Statistical analysis of respiratory signs and relative IBV RNA levels
5 days after challenge performed as described in the legend of figure 3. Different letters indicate
significant differences at P<0.05. Exact P values between distinct groups determined by two-tailed

t-tests.
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Figure 6. Tracheal histomorphometry and histopathology
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Fig 6. Tracheal histomorphometry and histopathology of chickens treated as described in legend
of Fig. 5. Tracheal histomorphometry: (A) mucosal thickness and (B) lymphocytic infiltration
presented in arbitrary units using ImageJ were analyzed by ANOVA and Tukey posttest. (C)
Necrosis scores analyzed by Kruskal-Wallis test and Dunn posttest. NV/NC = non-vaccinated/non-
challenged and NV/C = non-vaccinated/challenged controls. Boxes: 25" percentile, median, 75"
percentile; whiskers: minimum and maximum. Different letters indicate significant differences at

P<0.05. Exact P values between distinct groups determined by two-tailed #-tests.
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Figure 7. Ark Se antibody levels
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Fig 7. Ark Se antibody in chickens treated as described in the legend of Fig. 5. Ark Se antibody
determined by ELISA using recombinant Ark Se protein coated plates. Data analyzed by ANOVA
and Tukey posttest. Se antibody measured (A) 14 and (B) 22 -days post boost. NV/NC = non-

vaccinated/non-challenged controls. Different letters indicate significant differences at P<0.05.
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