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ABSTRACT

The coronavirus avian infectious bronchitis virus (IBV) causes a highly contagious disease
in chickens affecting the respiratory tract and, depending on virus strains, reproductive and
urogenital tracts. Strains are distinguished and classified based on the amino acid (aa) variation in
the S1 domain of spike (S) protein, the major viral attachment protein. The S1 subunit of the IBV
spike protein mediates viral attachment and the S2 subunit is involved in fusion to host cells.
Although S2 does not have any receptor binding domain, interplay between S1 and S2
synergistically improves host cell attachment. S is the major protein in inducing neutralizing
antibodies and in determining host tropism.

Adaptation of an ArkDPI IBV vaccine strain to chicken embryonic kidney (CEK) cells
eliminates subpopulations that are selected in and cause problems in vaccinated chickens. The
CEK-adapted virus induces protective immune responses in chicken, as demonstrated by reducing
viral loads and clinical signs after virulent Ark serotype IBV challenge. Three aa changes in the S
protein of CEK-adapted virus, two in S1 and one in the S2, were observed. These aa changes in
the S protein of CEK-adapted vaccine virus might allow it to attach more efficiently to CEK cells
compared to the ArkDPI vaccine strain, thus contributing to adaptation. Contrary to this
expectation, we did not observe detectable binding of CEK-adapted S protein to CEK cells at
standard protein concentration. Our results suggested that, in this case, factors other than improved

attachment to CEK cells were involved in adaptation to CEK cells.



We also observed severely reduced or abolished detectable binding of recombinant S
protein of CEK-adapted ArkDPI IBV vaccine virus to most relevant chicken tissues in vitro,
suggesting lower levels of replication in chickens for CEK-adapted ArkDPI vaccine strain than its
parental strain. We compared replication in chickens of the CEK-adapted virus to a commercial
ArkDPI-derived IBV vaccine, with only two aa differences in S, after ocular inoculation of 1-day-
old SPF leghorn chickens with 10% or 10° EIDso CEK-adapted ArkDPI, or 10* EIDso commercial
vaccine virus. Replication of the vaccine viruses in individual chickens was monitored by
determining the relative levels of viral RNA in tears 3, 5 and 8-days post-vaccination (DPV) and
in choanal and tracheal swabs 5 and 8 DPV. As expected, vaccine viral RNA was consistently
statistically significantly lower in all three sample types in chickens inoculated with CEK-adapted
vaccine virus compared to the commercial vaccine when the same dose (10* EIDsg) was used and
in tracheal swabs even when ten times the dose was used. However, in spite of substantially lower
replication of the CEK-adapted vaccine virus in some tissues in chickens, reflected in lower
vaccine viral loads in tears, trachea and choana, it provided effective protection against challenge.

IBV variant CalEnt with unusual enteric tropism was believed to have acquired extended
tropism due to changes in its S protein. To determine whether this tropism of CalEnt was due to
an increased ability of its S protein to bind to the intestinal epithelium, we compared the binding
of recombinant S1 proteins derived from CalEnt and Cal99, a typical respiratory 1BV variant with
an S1 most closely related to CalEnt, to relevant chicken tissues. Contrary to expectations, neither
the CalEnt S1 protein, S1-N-terminal domain, nor entire S-ectodomain, showed any binding at the
standard protein concentration to respiratory or intestinal tissues. Thus, our results do not support
better attachment to intestinal epithelia as a reason for CalEnt’s extended tropism. Bioinformatic

analyses of CalEnt S protein sequences suggest that CalEnt’s S2-coding region was acquired



through a recombination event and encodes a unique aa sequence at the putative recognition site
for the protease that activates the S protein for fusion of host membrane and viral envelope during
viral entry. Thus, S2 activation by tissue-specific proteases might facilitate CalEnt entry into
intestinal epithelial cells and compensate for poor binding by its S1 protein.

Increasing evidence suggested that the practice common in the poultry industry of IBV
vaccination early after hatching may not elicit optimal specific immunity and effectively protect
chickens. We further investigated the effects of early vaccination on immune responses in chickens
primed with ArkDPI-type IBV vaccine at increasing ages followed by booster vaccination. Our
results confirmed that IBV vaccination on the day of hatch induces suboptimal IBV immune
responses both in the systemic and mucosal compartments. However, booster vaccination seems
to overcome poor initial responses.

In spite of extensive vaccination against Ark-type IBV, Ark-type IBV continues to cause
problems in the poultry industry. To understand how IBV field strains are able to escape IBV
vaccine-induced immune responses, we compared reactivity of antibodies in IBV ArkDPI-
vaccinated chickens with the vaccine strain virus and an Ark-type IBV isolated from a vaccinated
flock. IBV-specific IgA antibody levels in tears and IgA and IgG antibody levels in plasma
measured against the field isolate were lower compared to those against the vaccine strain,
suggesting immune escape of the field strain from vaccine-induced immune responses. In order to
observe whether differences in antibody levels against the vaccine strain and field isolate in
vaccinated chickens included different levels of antibodies recognizing the IBV S proteins, ELISA
using trimeric recombinant S-ectodomain proteins with S1 domains representing the vaccine strain
and field isolate was conducted. Antibodies in both tears and plasma of vaccinated chickens both

post-primary vaccination and post-boost recognized the S-ectodomain containing the field strain



S1 significantly less (P<0.05) than they recognized the vaccine strain S-ectodomain. Our results
were consistent with the prediction that IBV field strains escape the host humoral immune

responses through aa changes within the S1 protein.
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CHAPTER 1

Literature Review

1. Avian Infectious Bronchitis

Avian infectious bronchitis (IB) is a viral disease endemic in poultry caused by infectious
bronchitis virus (IBV), a Gammacoronavirus. The virus is a highly contagious/infectious pathogen
that is transmitted by aerosol and replicates mostly in the respiratory tract. IBV can also replicate
in the reproductive and enteric tracts, and in the kidneys, depending on the pathogenesis/virulence
of the virus strains. It causes reduced and delayed weight gain in broilers and decreased egg
production and eggshell malformation in layers and breeders. In addition, the virus may lead to

condemnations at processing plants from air-sacculitis due to secondary bacterial infections (1).

1.1. Economic Losses Associated with 1B

The World Organization for Animal Health considers IBV an economically important
pathogen, affecting performance in all branches of the poultry industry including both meat-type
and egg-laying birds in commercial production as well as back yard chickens (1, 2). IBV in the
United Kingdom alone has cost over £23 million per year (3). However, the actual costs are
difficult to estimate since the losses are not limited to the costs from impaired growth, reduced egg
production, and quality due to IBV infection, but are also from the cost of vaccines and
vaccination, mortality, and several other additional factors including diagnosis, implementation of

specific bio-security conditions, and treatment of secondary bacterial infection. Besides these,



losses due to condemnation of birds in processing plants are also included in the economic burden

on the poultry industry (4).

1.2. Transmission

IBV is highly contagious and spreads in all birds in an infected flock within a short period
of time. One mode of transmission of the virus is by air-borne route via aerosol or by direct contact
from the respiratory contents of infected birds. Mechanical transmission from fomites such as
contaminated feed and drinking water, equipment, eggs, working personnel and trucks is also
frequent. In addition, the virus can spread via the feces of infected birds, as virus is shed in the
feces for several weeks or months (2, 4, 5), and can persist in the litter containing feces for longer

periods as well.

1.3. Pathogenesis, Clinical Signs, and Symptoms

Chickens of all ages and breeds are susceptible to IBV, while young chicks are the most
severely affected (6). The virus primarily infects and replicates in the epithelium of the upper and
lower respiratory tract, usually restricted to the ciliated and mucus-secreting cells including those
in the conjunctiva, Harderian gland (7, 8) nasal turbinates, trachea, lungs, and air sacs. Clinical
signs vary with age and immune status of the chickens, virulence of IBV strains, and concurrent
secondary bacterial infection. Typical clinical signs include common cold-like symptoms with
nasal discharge, watery eyes, snicking (like sneezing), coughing, tracheal rales, gasping and
lethargy (9, 10). These symptoms usually start 18-24 hours after infection and may last up to 2-3
weeks. Severity and disease outcome vary, ranging from mild respiratory symptoms to severe

kidney and oviduct disease (11) depending on the virus strain and the system involved in the



infection, as well, since the virus can also replicate in the urogenital tract (11, 12, 13).
Nephropathogenic IBV spreads to the epithelium of renal tubules and produces severe nephritis
with tubular necrosis and kidney damage that can lead to death of the chicken (4, 14, 15, 16).

In addition, IBV can infect the ciliated epithelium of the oviduct and cause necrosis and
malformation resulting in severe damage in laying hens with decreased or/and permanent loss of
production and poor egg quality (9, 11, 12). Moreover, IBV has been also shown to replicate in
many parts of the digestive system including esophagus, proventriculus, duodenum, jejunum,
bursa of Fabricius, cecal tonsils, rectum, and cloaca, without resulting in significant clinical
gastrointestinal disease (9, 13, 17, 18). However, the outcomes of infection depend on several other
factors such as age, breed and immune status of chickens, co-infection with immunosuppressive
viruses such as Marek’s disease virus, infectious bursal disease virus (IBDV), and other
environmental conditions, including overcrowding, dust, inadequate ventilation, and presence of

ammonia (4, 19, 20, 21, 22).

1.4. Morbidity and Mortality

In broiler flocks, the morbidity rate can reach 100%, whereas mortality is usually low.
Mortality may range from 25 to 30% in young chicks but may increase up to 80%, mostly due to
mixed infections with other bacterial agents such as Mycoplasma sp. or Escherichia coli or co-
infection with immunosuppressive viruses such as Marek's disease virus and infectious bursal
disease virus (23). In younger chicks, nephropathogenic IB strains usually cause high mortality
reaching up to 25% (24, 25). However, in experimental conditions, up to 96% mortality was

observed following nephropathogenic IBV inoculation in two week-old chicks (26).



1.5 Control Measures for IBV

It is very difficult to control IBV, as several factors are involved. Strict biosecurity with
“All-in/All-out” flock management under strict sanitation protocols is essential for the prevention
of IBV (23). Since the virus is highly contagious and transmitted by the air-borne route, it is very
critical to maintain strict biosecurity.

Besides biosecurity, vaccination is the only measure currently used to control IBV
infection. There are numerous serotypes of IBV circulating worldwide, which do not cross protect,
and multiple serotypes may be present simultaneously in the same region (11). Moreover, high
mutation rate, and genome recombination of IBV results in extensive genetic diversity with
frequent emergence of new strains (27). Both live attenuated and inactivated vaccines containing
single or multiple serotype(s) are currently used for immunization of chickens against IBV. For
attenuation, field strains are serially passaged (generally 75 passages or more) in embryonated
eggs (28, 29). Other vaccines such as subunit vaccines using recombinant S protein (30) or vector
vaccines expressing S protein of IBV [e.g. fowl adenovirus or Newcastle disease virus vectors (31,
32, 33)] that might have potential success in producing effective immune responses in chickens
are under investigation.

Live attenuated vaccines with mild virulence are usually applied via drinking water or by
coarse spray to meat-type chickens at one-day of age in the hatchery for managerial convenience
and cost reduction. For booster vaccination, more virulent vaccines are given at approximately
seven to ten days of age, usually via drinking water or spray. Booster vaccination is particularly
practiced in broilers in areas with a high density of farms. In commercial egg layers and breeders,
pullets are usually vaccinated with killed inactivated vaccine by subcutaneous injection at thirteen

to eighteen weeks of age, after priming with live attenuated vaccines (25). Live attenuated vaccines



induce greater immune responses, especially cell-mediated immune responses, over Killed
vaccines. However, the greatest drawback for using live vaccines is that there is always the
possibility of reversion to virulence (34, 35) and/or persistence in chickens, which increases the
chances of emergence of new strains via immune selection and/or recombination between vaccine

strains and virulent field strains (36, 37, 38, 39, 40, 41).

2. Infectious Bronchitis Virus

IBV was first reported as a respiratory pathogen infecting chickens in North Dakota, USA
in the late 1930s by Schalk and Hawn (42). The virus is the prototype species of the Coronavirus
family. Coronaviruses (CoVs) (order Nidovirales, family Coronaviridae, and subfamily
Orthocoronavirinae) are a group of enveloped viruses that primarily infect the respiratory and
gastrointestinal tract of a wide range of birds and animal species including humans. They possess
four antigenically and phylogenetically related groups which belong to four genera Alpha-, Beta-,
Gamma-, and Delta coronavirus (a-, -, y- and 6-CoV) (43); International Committee on the
Taxonomy of Viruses, 2011). Alpha- and Beta-coronavirus genera comprise mostly mammalian
coronaviruses while avian coronaviruses are included in Gamma and Delta-coronavirus genera.

IBV belongs to the Gamma-coronavirus genus and mostly infects chickens (Gallus Gallus).

2.1. IBV Genome

IBV has a non-segmented, single-stranded, positive-sense RNA genome of ~27-kb, which
is 5'-capped and 3'-polyadenylated. It encodes four structural proteins in the 3’ one-third of the
viral genome, including the phosphorylated nucleocapsid protein (N), which surrounds the viral

genome, and three envelope glycoproteins: spike glycoprotein (S); membrane glycoprotein (M)



and small envelope protein (E) (43, 44, 45). The viral genome also encodes fifteen non-structural
proteins (NSP2-NSP16) within open reading frame (ORF) 1ab (in the 5° two-thirds of the viral
genome), which function in RNA replication and transcription. There are four accessory genes:
3a, 3b, 5a, and 5b that are interspersed among the structural genes (46). The functions of these
accessory genes have not been defined, although they were shown to be unessential for IBV

replication in vitro (47, 48).

2.2. The Spike (S) Protein

The coronavirus spike (S) protein assembles into trimers on the envelope surrounding the
virus particle to form club-shaped 16-21 nm protrusions that make the crown-like appearance when
visualized by electron microscopy (46). The protein is a highly-glycosylated class | viral fusion
protein (49). S is the largest structural protein encoded by the coronavirus genome. The IBV S
protein is post-translationally cleaved into two subunits: the amino (N)-terminal S1 of
approximately 520 amino acids and the carboxy (C)-terminal S2 subunit of about 620 amino acids,
while the S proteins of some other coronaviruses are not cleaved into subunits although they
contain S1 and S2 domains. (43, 50, 51). The S1 subunit or domain possesses two sub-domains,
the N-terminal domain (S1-NTD) and C-terminal domain (S1-CTD). The S2 subunits or domains
of coronavirus S proteins include an ectodomain, transmembrane domain, and C-terminal
cytoplasmic tail domain, and anchor the S protein to the viral envelope. The S2 ectodomain has an
internal fusion peptide-like region (FP) associated with two hydrophobic heptad repeat (HR)
regions: the N-terminal longer HR1 and the C-terminal shorter HR2 region that is adjacent to the

transmembrane region (52).



2.2.1. Genetic Diversity Based on S Protein Variability

The S protein is the most divergent among all proteins encoded by IBV, particularly the S1
subunit, where as little as 45% amino acids identity is observed between different IBV S1 amino
acid sequences in GenBank. Most variations are located within the beginning of S1 amino acid
sequence, particularly in the approximately 300 residues of its NTD. Although the S2 subunit is
more conserved, it is also quite variable, with some IBV S2 aa sequences in GenBank having as
little as 64% amino acid identity with each other. High sequence diversity of the S1 accounts for
serotypic and genotypic variations of IBV and immunologic escape from vaccine-induced immune
responses (53).

A wide range of antigenically and genetically distinct IBV types are distributed worldwide.
Serotypes of IBV are determined based on the antigenic variability of the S protein, particularly in
the serotype-specific sequences/variation of the S1 subunit (54). Using monoclonal antibody virus
neutralization assays five neutralizing antigenic sites/epitopes were detected on S1 that are located
within three different hypervariable regions (HVRS) (aa 38-67, 91-141 and 274-387), particularly
in the first and third quarters of the S1 subunit (54, 55, 56, 57, 58), indicating that HVRs are
associated with the antigenicity and hence, serotype variations. The most common serotype of IBV
reported in the poultry industry worldwide is Massachusetts (Mass), while Arkansas (Ark) is the
most frequently isolated IBV in the southeastern United States (1). Following Ark-type,
Connecticut, Massachusetts, Georgia variants, and California variants are the most prevalent in
United States (1, 59).

Differences in partial or complete S1 gene nucleotide sequences have traditionally been used for
genotyping of IBV (OIE, 2013). Genotypic variation is thought to be the result of the accumulated

mutations in S gene caused by error-prone, viral RNA-dependent-RNA polymerase and by



recombination events between two different strains of 1BV during virus replication in the same
host cell (36, 60, 61). Mutations caused by nucleotide substitutions, insertions and deletions as
well as recombination events along with selection pressure and high viral subpopulation diversity
(1) may result in emergence of new IBV serotypes and genotypes. It is likely that only a few amino
acid changes in the S1 protein could result in emerging strains, while the other major portion of
the virus genome remained unaltered (37, 54). In fact, the presence of mixtures of subpopulations
(possessing amino acid differences in S1 protein) within an isolate or a vaccine strain that can be
acted by selection pressure upon vaccination/infection of chickens is frequent in IBV (38, 57, 62,
63, 64, 65, 66). Indeed, selection of subpopulations and persistence of viruses similar to virulent
parental strains (based on the identity of S1 gene sequences) were observed in chickens vaccinated

with commercial ArkDPI-derived vaccines (36, 38, 64).

2.2.2. S Protein in Viral Attachment and Cellular Entry

Coronavirus S proteins are responsible for both virus attachment (binding to target cell
receptors) and subsequent entry into host cells. The S1 subunit or domain mediates viral
attachment to host receptors. The membrane-anchoring S2 subunit or domain mediates the fusion
of the virion with the host membranes for subsequent release of virus RNA into the cytoplasm
[reviewed in (67)]. The IBV S protein undergoes proteolytic cleavage at a site within S2 known as
S2’ by an unidentified host serine protease (68). Following cleavage at the S2” site, exposure of
the FP and major conformational changes of S2 lead to insertion of the S2 FP into the host
membrane, fusion of the viral envelope with host membranes, and viral entry (68, 69). Although

the S2 domain is not principally involved in binding to a host cell receptor, the interaction between



S1 and S2 might be involved in conformational changes of the S protein that synergistically affect

the avidity and specificity of virus attachment (30, 70).

2.2.2.1. IBV Receptor

Functional receptors, which mediate both attachment and entry, for some human and
animal coronavirus that have been identified, and most of them are membrane proteins or
glycoproteins that interact with the S protein (71). Relatively little information about 1BV
attachment and entry has been obtained. Several studies on IBV attachment and entry utilized the
highly attenuated, embryo-adapted IBV Beaudette laboratory strain and mammalian cell lines, as
the attenuated lab strain was adapted to replicate in established cell lines (68, 72, 73, 74). Several
other studies (73, 75) have shown that 02,3-linked sialic acid present on cell membrane proteins
plays a crucial role in IBV infection. Removal of a2,3-linked sialic acid or genetic blockage of its
cell-surface expression prevented infection by all IBV isolates examined. Wickramasinghe et al.,
have demonstrated sialic acid-dependent binding of recombinant S1 protein to respiratory
epithelial cells in fixed chicken tissues (76).

Sialic acid has been designated a “receptor determinant” for 1BV, as binding of IBV S1 to
sialic acid is weak compared to other solely sialic-acid-carbohydrate-receptor-utilizing viruses
such as influenza viruses (76). Furthermore, IBV differs from other viruses that solely use a
carbohydrate receptor in that it does not possess a receptor destroying enzyme like influenza
viruses and bovine coronavirus. By using a glycan array, it was demonstrated that IBV S1 binds
to only a specific type of a-2, 3-linked sialic acid, whereas, influenza virus uses any a-2, 3-linked
sialic acid on the host cell (76). Thus, additional host receptors, either protein or carbohydrate,

might be involved in binding with the IBV S1 protein.



The possibility of utilizing a protein co-receptor was hypothesized by Li, based on the
available crystal structures of S proteins of coronaviruses (71, 77). He noted that the N-terminal
domain (NTD) or C-terminal domain (CTD) of S1, either alone or together, can function as the
receptor binding domain(s) [RBD(s)] for different coronaviruses, interacting with sugar and/or
protein receptors. Li proposed that all coronaviruses have two potential RBDs through which the
S protein interacts with host receptors. The N-terminal carbohydrate-binding domain of S1,
structurally conserved among coronaviruses, is observed to be present by default. Usually the C-
terminal domain of S1, of variable structure among coronaviruses, interacts with protein receptors
on host cells. Thus, Li suggested that the IBV S1-CTD interacts with a host protein co-receptor

that remains to be elucidated.

2.2.2.2. Receptor Binding Domain (s) (RBD) of IBV S Protein

Coronavirus S1 subunits or domains include the receptor binding domain(s) (RBDs). For
IBV, both the S1I-NTD and S1-CTD have been implicated in receptor binding. Promkuntod et al.
(78) demonstrated that the N-terminal domain with 253 amino acid residues of IBV Massachusetts
strain (M41) S1 is necessary and sufficient for binding to a-2,3 linked sialic acids located on the
epithelium of formalin-fixed chicken respiratory tract. Shang et al. (52) have provided evidence
that the IBV S1-CTD also possesses receptor-binding activity for an unknown protein co-receptor.
They determined the structure of spike ectodomain of IBV M41, where the core structure of the
S1-CTD contains two extended loops that might serve as receptor binding motifs (RBMs). Using
two different approaches: flow cytometry live cell binding assay with recombinant IBV S1-CTD

and IBV-spike-mediated pseudovirus entry assay in the presence of competing recombinant IBV
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S1-CTD, they demonstrated that the IBV S1-CTD has an RBD that interacts with yet to be

identified receptor.

2.2.3. Role of S Protein in Host Tropism and Pathogenesis

The S protein is the major determinant of the species, tissue and cell tropism of
coronaviruses, including 1BV, and thus has a great influence on viral pathogenesis. By using targeted
RNA recombination to introduce the S gene from a highly pathogenic strain into the genome of a
less neuro-pathogenic murine coronavirus strain, Phillips et al., demonstrated that switching the S
protein altered the pathogenicity of the mutant strain similar to the virulent strain in the murine
nervous system, indicating that S is the major determinant of coronavirus pathogenesis (79). For
IBV, it has been reported that recombination resulting in the replacement of the entire S gene of
IBV may have been responsible for the emergence of a new coronavirus, completely changing the
host pathogenicity (respiratory to enteric) and host specificity (chicken to turkey) as well (80). In
addition, increased virulence of IBV vaccine strains in Ark-type vaccinated chickens associated
with differences in the S gene of IBV also reinforces the role of the S protein in pathogenesis (38,

81).

2.2.3.1 Role of S Protein in Host Tropism

Alterations of the S gene sequences of IBV have been shown to be associated with
tissue/cell tropism. As for example, Beaudette is the extensively passaged embryo-attenuated
Massachusetts-derived strain that has acquired an extended host tropism with the ability to
replicate in non-chicken cell lines, including the mammalian cell lines Vero cells and baby hamster

kidney cells (BHK-21) (82, 83). However, exchange of the spike gene of a closely related
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Massachusetts strain, M41 [3.7% amino acids difference (84)] in the recombinant Beaudette viral
genome altered the tropism of the recombinant virus and abolished the broader tropism of the
strain, indicating the involvement of differences in the S protein in cell tropism (85).

The role of differences in both the S1 and S2 portions of the S protein in determining tissue
and/or species specificity for various coronaviruses, including IBV, has been reported extensively
(86). The S1 portion of S affects tropism at the level of virus attachment. Work with the porcine
coronavirus transmissible gastroenteritis virus (TGEV) provided an early example that a very few
changes in the S1 portion of a coronavirus S protein can alter tropism. This coronavirus lost its
enteric tropism and shifted to respiratory tropism after two amino acid changes in the S1 portion
of the spike protein (87). Another example is the S1 protein of severe acute respiratory syndromes
(SARS) virus, where only two amino acids changes altered the host tropism from palm civet cat
to human as well as pathogenicity from asymptomatic to highly severe respiratory syndromes (88).
In IBV, two amino acid changes in the S1 protein might be involved in the adaptation of ArkDPI
derived attenuated vaccines to chicken embryonic kidney (CEK) cells, i.e. a new host (89).

Recombinant S1 protein of the Beaudette strain IBV is not sufficient for binding to cells in
which the virus can replicate, i.e. chicken CAM or mammalian cultured cells, but addition of the
Beaudette S2 ectodomain, to generate Beaudette S-ectodomain, enables binding to both types of
cells (70). Furthermore, extension of an ArkDPI-type S1 to generate ArkDPI1 S-ectodomain greatly
improves binding to epithelium of relevant chicken tissues (nasal mucosa, trachea, choana, cecal
tonsil, cloaca) and allows binding to epithelial cells in additional tissues (lung and kidney) (30).
These observations suggest that the interplay between S1 and S2 might synergistically determine
the avidity of virus attachment and functions in its tropism, although S2 does not have any receptor

binding domain.
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S2 can affect tropism at the level of viral entry by its ability to be cleaved by host cell
proteases at a site known as S2’ to expose its FP (90). The extended host tropism of the IBV
Beaudette strain, which has acquired the ability to replicate in mammalian cell lines, has recently

been mapped to the S2’ recognition site of S2 (85, 91).

2.2.3.2. Role of Other Viral Proteins in Pathogenesis and Tropism

Although the roles of S protein in cell tropism as well as in pathogenesis are well established,
accumulating evidence suggests that the genes outside the S gene, particularly in NSP-coding
regions might also contribute to pathogenicity of various coronaviruses including 1BV (92, 93).
Replacement of the spike protein gene in the genome of the apathogenic Beaudette strain by those
of virulent M41 or 4/91 IBV resulted in still apathogenic recombinant viruses, indicating that genes
in addition to S contribute to pathogenicity (94, 95). Further work with a recombinant virus
containing only the NSP-coding genes of the apathogenic strain and rest of the genome from a
virulent strain indicated that virulence was affected by the NSP genes (96). Complete genome
sequencing of virulent (passage 11) and embryo-attenuated (passage 101) ArkDPI viruses (99.92%
similar in their nucleotide sequences) showed three nonsynonymous substitutions, one in NSP 2-
and two in the NSP 3-coding regions, besides the changes in S gene of the attenuated strain. This
finding indicated that the changes in NSP2 and NSP 3 gene might be involved in attenuation,
hence, in altered pathogenicity (97). Furthermore, next generation sequencing of the whole
genome showed that an Ark vaccine variant adapted to chicken embryo kidney (CEK) cell culture
accumulated changes in the NSP2- and NSP3-coding regions along with the S gene (see below),

supporting a possible role for these genes in tropism (89). Although the function of IBV NSP2a is
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not known vyet, its lack of sequence and structural similarity with other proteins suggested its

involvement in host specificity (98, 99).

2.2.3.3. Role of S Protein in Unusual Enteric Tropism

Runting-stunting syndrome (RSS)/malabsorption syndrome is a transmissible enteric
disease characterized by diarrhea, impaired growth and poor feed conversion in growing chickens,
most commonly in broiler breeds. The etiology of RSS is apparently multifactorial since the
identical disease syndrome could not be reproduced under experimental condition using a single
agent isolated from the infected chickens (100). Several different viral agents, for example
parvoviruses (101, 102), calicivirus (103), rotavirus (104), astrovirus (105, 106), reovirus (107),
and birnavirus (108), along with bacterial pathogens, have been reported to be associated with
RSS. RSS linked to avian infectious bronchitis virus (IBV) was also documented in a flock of
60,000 14-day-old brown broiler chicks in California during 2012, in which the infected chickens
exhibited lethargy, poor growth, and pale and distended small intestines with watery contents, as
well as cystic enteritis (13). Due to its association with enteric symptoms, the IBV isolate obtained
from this California flock was given the name “CalEnt.”

As mentioned earlier, IBV can replicate in many parts of the alimentary tract, including
proventriculus, duodenum, jejunum, cecal tonsils, and cloaca, although the infection of enteric
tissues very rarely causes any pathology or clinical symptoms (reviewed by (9)). IBV has been
isolated from small and large intestines of both naturally-infected and experimentally-inoculated
chickens having typical respiratory symptoms but no enteritis (109, 110, 111). Occasionally
lesions were observed in the rectum of experimentally infected chickens, but not in other parts of

the intestines (24). However, observations in chickens of the flock affected by the California
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enteric variant (“CalEnt”) revealed an unusual enteric tropism of the virus with gross lesions in
the intestines along with other clinical signs as seen in the reported cases of RSS (13). In addition,
immunohistochemistry (IHC) of tissues of affected birds showed the presence of IBV antigen
throughout the intestine located in the cytoplasm of enterocytes. However, no IBV antigen was
detected in respiratory tissues tested (trachea, lung), indicating altered tropism for this enteric
variant. Furthermore, during virus isolation from intestinal samples in embryos, IBV could not be
detected in chorioallantoic membrane or allantoic fluid using fluorescently labeled antibody,
electron microscopy (EM), or RT-PCR. In contrast, IBV was detected by EM and RT-PCR in the
embryo’s intestine and was recovered from this tissue (13). Following oculonasal inoculation of
CalEnt into SPF chickens, IBV antigen and RNA was detected in the intestine and histopathologic
lesions of the intestine were reproduced. Consistent with observations of others regarding
experimental infection with enteric-origin IBVs, mild respiratory signs and lesions were also
observed. IBV antigen was detected in conjunctiva, sinus/turbinate, and trachea, and IBV RNA
was present in tears and trachea. According to these observations, it was suggested that the CalEnt
variant had acquired extended tropism to enteric tissue while also retaining its original respiratory
tropism.

Sequence analysis of the S1 gene of the CalEnt variant isolate along with other available
S1 gene sequences in GenBank revealed that the virus was distantly related to most of the IBV
genotypes. Although no insertions or deletions in the S1 gene of this CalEnt variant were found in
comparison to closely related 1BV types, the closest relative, IBV respiratory variant California 99
(Cal 99) showed only 94% S1 nucleotide sequence identity (13). Whether the differences in the S
protein of the enteric IBV variant associated with RSS are responsible for its broadened tropism,

due to an increased ability of its S1 protein to bind to intestinal epithelial cells, should be addressed.
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3. ArkDPI IBV Vaccines

Arkansas (Ark)-type IBV is the most common serotype circulating in the intensive broiler-
producing areas of the United States (27), and commercial ArkDPI-derived vaccines are
extensively used. The ArkDPI strain of IBV was originally isolated from broiler chickens in the
Delmarva Peninsula and partially attenuated at the University of Delaware by 50 passages in
embryonated chicken eggs (28). It was then distributed to different vaccine companies and further

attenuated by each company, resulting in four similar, but not identical, ArkDPI vaccines.

3.1. Problems Associated with ArkDPI IBV Vaccines

Despite the use of these ArkDPI-derived vaccines, increasing frequencies of Ark-type IBV
isolations were reported (59, 62), and experimental and field trials have shown that ArkDPI
vaccination does not provide adequate protection (112, 113). In addition, persistence of vaccine
virus in vaccinated chickens was reported (112), and ArkDPI vaccine or vaccine-like virus
recovered from vaccinated chickens shows certain sequence changes particularly in the S1-coding
portion of the S gene (36, 37, 38, 64, 81, 114). The consistent demonstration of these nucleotide
changes as early as three days after vaccination supports the concept that ArkDPI vaccines contain
viral subpopulations that are selected during a single passage in chickens (36, 38, 64, 81, 114).
Different patterns of genetic heterogeneity of S1-coding sequences were observed among the four
commercial Ark-serotype vaccines derived from the same un-cloned attenuated ArkDPI field
isolate (38). The heterogeneity of the S gene might serve as a source of vaccine-like Ark-virulent
field strains or result in emergence of new variants following further replication and selection in
chickens and/or recombination between other field strains and positively selected populations of

vaccine strains.

16



ArkDPI-derived vaccines were shown to cause respiratory signs and tracheal damage in
experimentally inoculated chicks (81). Vaccine viral loads, incidence of respiratory signs early
after vaccination, and severity of tracheal lesions was higher in chickens vaccinated with ArkDPI
vaccines containing higher proportions of vaccine subpopulations selected in chickens, suggesting
that these vaccine subpopulations are responsible for the tracheal damage and respiratory signs

observed.

3.2. Effects of Adaptation of IBV Arkansas Attenuated Vaccine to Embryonic Kidney Cells

Ghetas, et al. (89) adapted a commercial ArkDPI vaccine strain to primary CEK cells by
serial passage. After seven passages, S gene sequencing revealed two amino acid changes (amino
acid positions 163 and 323) in the encoded S1 protein and one amino acid change (amino acid
position 889) in the S2 protein encoded. These three changes might affect S protein binding to
CEK cells and contribute to adaptation. One difference in S1 (amino acid 163) was in the N-
terminal domain, which is sufficient for sialic-acid-dependent binding to tracheal epithelium in
protein histochemistry assays (78). The other difference in S1, amino acid 323, in the C-terminal
domain, is at a position that differs in the predominant amino acid among the four commercial
ArkDPI-derived vaccines (38). Deep sequencing confirmed these changes and provided
information on changes in relative proportions of codons encoding different amino acids. In the
commercial vaccine prior to passage in CEK cells, S1 amino acid 323 was 73% threonine and 26%
arginine, whereas after adaptation it was 99.9% arginine. Deep sequencing also showed that
vaccine subpopulations selected in chickens (sharing an alanine codon at S1 codon 213),
comprising a total of up to 7% of the vaccine prior to adaptation, had been eliminated during

adaptation to CEK culture. Absence of selection of these vaccine populations in chickens after
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inoculation of the CEK-adapted vaccine confirmed their elimination. The changes in the S gene
do not revert after five back-passages in embryonated eggs or after one passage in chickens (66,
89). The role of amino acid changes in the S protein in CEK-adaptation needs to be addressed.
Vaccination with the CEK-adapted ArkDPI vaccine virus protected chickens against Ark-
type IBV virulent challenge, as indicated by reduced challenge viral loads and respiratory signs
(66, 89). This indicated that the CEK-adapted virus is able to replicate well enough in chickens to
induce protective immunity. Thus, CEK adaptation provides an opportunity to improve
commercial ArkDPI-derived vaccines by eliminating vaccine subpopulations that are selected in
and persist in chickens. However, the interaction of the CEK-cell-adapted Ark DPI-IBV vaccine
strain and its spike proteins with chicken tissues and replication dynamics in different tissues have

not been characterized yet.

4. Immune Responses
4. 1. Nature of Immune Responses against IBV

The immune response against 1BV is very complex and is influenced by several factors
including vaccine strains used, age and breed of the birds, and genetics of the infected chickens,
including major histocompatibility complex (MHC) types. The MHC of chickensis the B
complex, which includes three antigenic gene classes: MHC class | genes, (homologous to
mammals’ class I B-F), MHC class Il genes, (homologous to mammals’ class Il B-L) and B-G
genes, unique to birds (115). Along with other genes related to immunity, the chicken MHC
consists of at least 46 genes, and plays important roles in the regulation of innate and adaptive
immune responses and disease resistance (116, 117). MHC B haplotypes are implicated in

effective immune responses and differential resistance to IBV infection (118, 119, 120, 121).
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During the early stage of life chicks get protection by the passive transfer of maternal
antibodies. In addition, in the early stages of the chicken life cycle, innate immunity is crucial for
the control of IBV field infections. Receptors such as TLR3, TLR7, or MDAS5 recognize 1BV and
initiate local immune responses in the trachea. The activated pattern recognition receptors then
stimulate production of type | IFN and IL-1beta, pro-inflammatory cytokines. Increased
production of cytokines may help to prevent viral replication and also aid induction of adaptive
humoral immune responses (122, 123, 124).

IBV-induced humoral as well as cell-mediated responses are important in viral clearance
and protection against challenge infection (10, 11, 125, 126, 127). A high level of systemic
antibodies is correlated with virus clearance in the kidneys and genital tract, as well as with
improved egg production and quality (128). IgA antibodies in tears are important in protecting
mucosal surfaces from pathogens and IBV-specific lacrimal IgA has been reported to be associated
with resistance to IBV inoculated ocularly (129). In addition, cytotoxic T lymphocytes (CTL) are
important in controlling IBV infection. An increase in cytotoxic activity in splenocytes was
observed to correlate with the reduction of viral loads in lungs and kidneys of IBV-infected

chickens (125).

4.2. Effects of Vaccination Age in Inducing Effective Immune Responses in Chickens against
IBV

Commercial chickens are routinely vaccinated at 1-day of age against IBV or even prior to
hatch against other pathogens by in ovo vaccination. As mentioned earlier, despite extensive
vaccination, 1B outbreaks continue to occur mainly because of the changing nature of these viruses

due to mutation and recombination, followed by selection (61). However, increasing evidence
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suggests that the practice of IBV vaccination early after hatching in the poultry industry may not
elicit optimal specific immunity and effectively protect the birds (22, 128). Innate immunity has
also been found to be less developed in young chicks. Indeed, significantly lower levels of TLR7
expression in spleen and small intestine cells were observed in 1-day-old chicks compared to 4- to
5-week-old chickens. TLR21 and TLR15 also displayed reduced expression in the spleen, skin,
lung and small intestine in 1-day-old birds (130). Thus, deficient TLR expression in young chicks
might affect induction of IBV-specific immunity.

Both structural and functional maturation of mucosal associated lymphoid tissues are
important for effectiveness of vaccines against respiratory viruses administered mucosally. For
example, although random lymphocyte clusters in CALT have been noted at one week of age,
germinal centers and plasma cells appear around 4 weeks after hatching. Increasing numbers of
CD4" and CD8* T lymphocytes and B lymphocytes have been shown in the CALT by in situ
immunohistochemistry as chicks developed from 1 to 4 weeks of age. In addition, the
concentration of T-cells, particularly CD4" cells, in the Harderian gland (HG) is also increased in
4-week-old compared to 1-week-old chickens (131). IgA was undetectable and low levels of IgM
were found during the first week after hatch indicating limited immune responses, in particular in
the mucosal immune compartment (132). In addition, Lowenthal et al. showed that splenic T cells
from 1-day old chicks produce some inhibitory factors that affect the proliferation of mature T
cells and lead to transient T cell unresponsiveness to immune stimulation in vitro and at least a
week was required to become fully responsive to that stimulation (133). The study also reported a
70-fold increase in T cell numbers in spleen, the major site of lymphopoiesis, in 1-week old birds

compared to day 1 old birds.
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Previous work also suggested that early vaccination might limit the immune repertoire and
result in reduced mucosal and systemic immune responses. Indeed, chickens primed at day 1 of
age showed lower IBV-specific IgA and 1gG levels in both tear fluid and sera than birds vaccinated
at days 7, 14, 21 or 28 of age (22). In addition, upon challenge with an IBV field strain, birds
vaccinated later showed better protection against clinical signs and lesions compared to birds
vaccinated immediately after hatch, indicating better protection as a result of vaccination at later
ages (22). Thus, to get better insight into the importance of maturation of the chicken immune
system for the optimum induction of IBV-specific immune responses, further studies should be

done.

4.3. Role of S Protein Differences in Escaping Vaccine Induced Immune Responses

Because the S protein interacts with host receptors, it is the primary target for neutralizing
antibodies (57). In addition, it also induces cell mediated immune responses (125). It was observed
that immunization with recombinant S1 subunit of S protein protected chickens against challenge
with the N1/62 nephropathic IBV strain (126). However, no protection was observed when
recombinant nucleocapsid or matrix protein were used for immunization, indicating that S1 is
important in inducing protective immune responses.

As stated earlier, S protein heterogeneity originates from nucleotide insertions, deletions,
or point mutations and/or from genetic recombination events occurring during viral replication
(134, 135, 136). Amino acid changes of as few as 2-3% in S1 (10-15 residues) can alter serotype,
which suggests that a small number of immune-dominant epitopes on S1 are recognized by
neutralizing antibodies (137)). Amino acids involved in virus neutralization are located within the

first and third quarters of the S1 polypeptide, based on observations with the use of neutralizing
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monoclonal antibodies and escape mutants (54, 56, 57, 138). When the amino acid sequences of
the S1 proteins of seven Massachusetts serotype IBV strains were analyzed, two hyper-variable
regions were identified in the region including amino acids 19-122, between residues 38-51 and
99-115 (138). The IBV host RBD of the M41 strain has been mapped to S1 amino acids 19-272
(the S1-NTD) (78). It is interesting that important hyper-variable regions are located in the RBD
domain in the M41 S1 protein that mediates host attachment. Emerging strains that accumulate
changes in the S1 protein could escape immunity induced by common vaccine types. As for
example, an IBV isolated from a Mass serotype H120-vaccinated flock had 5 amino acid
substitutions in its S1 aa sequence compared to H120, 4 in the S1-NTD. These changes presumably
enabled the virus to successfully evade the Mass vaccine-induced immune response, indicating the
important role of a small number of changes in the S protein in host immune escape (139).
Interestingly, one of the aa changes was adjacent to an aa position shown to be part of a neutralizing
epitope in another Mass-serotype IBV, M41 (138). The continued generation of new IBV variants
in the field raises the important question of how mutations in S genes observed in IBV field isolates
contribute to immune evasion by those field strains in vaccinated birds. How the IBV-ArkDPI
vaccine-induced humoral immune response cross-reacts with Ark-serotype field isolates obtained
from IBV-vaccinated broilers and how small amino acid differences in the S1 protein of field
isolates might contribute to immune evasion are not understood. Much less information regarding
neutralizing epitopes in Ark-serotype S1 proteins in available compared to neutralizing epitopes

in Mass-serotype S1 proteins (55).
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Research Objectives

1.

Identify the basis of adaptation of Ark DPI-IBV vaccine virus to chicken embryonic kidney
(CEK) cells, focusing on effects of the amino acid changes in S protein associated with
CEK-adaptation on binding efficiency to CEK cells.

Characterize the interaction of the spike protein of a CEK-cell-adapted Ark DPI-IBV
vaccine strain with chicken tissues in vitro and replication of the virus in chicken tissues in
Vivo.

Compare the binding to chicken respiratory and intestinal tissues of S1 spike protein of
enteric-tropic IBV to that of respiratory-tropic IBV to observe whether the broadened
tropism of the enteric IBV variant is due to an increased ability of its S1 protein to bind to
intestinal epithelial cells.

Determine age-dependence of development of IBV-specific humoral and cell-mediated
responses following IBV vaccination of chickens at different ages.

Explore the ability of a field isolate to escape IBV vaccine-induced immune protection.
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CHAPTER 2

Changes in Avian Infectious Bronchitis Virus Spike Protein Associated with Adaptation to

Chicken Embryonic Kidney Cells do not Improve Binding

SUMMARY. Avian coronavirus infectious bronchitis virus (IBV) is one of the most economically
important pathogens of chickens. ArkDPI-derived IBV vaccines contain minor subpopulations that
are rapidly selected in chickens, resulting in tracheal damage and persistence in chickens. These
subpopulations, distinguished by their S1 gene sequences, were eliminated from a commercial
ArkDPI-derived vaccine strain during serial passage in chicken embryonic kidney (CEK) cells. In
addition, two amino acid changes in the S1 subunit and one in the S2 subunit were observed in the
CEK-adapted vaccine strain. Because the S1 subunit of the IBV spike protein mediates viral
attachment, we hypothesized that these alterations in the S protein of the CEK-adapted IBV allow
the virus to attach more efficiently to CEK cells, thus contributing to adaptation. Trimeric, soluble,
Strep-tagged recombinant proteins representing S1 and S-ectodomain (S1 plus the portion of the
S2 subunit outside the viral envelope) proteins of the commercial ArkDPI vaccine strain and the
CEK-adapted ArkDPI vaccine strain were produced in HEK293T cells and their binding to
acetone-fixed CEK cells compared in protein histochemistry assays. We observed very little
binding to CEK cells by the S1 protein representing the commercial vaccine and no binding by the
S1 protein representing the CEK-adapted vaccine virus. The S-ectodomain protein of the

commercial vaccine strain showed clear binding to CEK cells. However, contrary to the expected
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improved binding to CEK cells, no binding of CEK-adapted S-ectodomain protein was observed.
Notably, neither of the two mutations in CEK-adapted S1 alone or combined completely disrupted
the binding of S-ectodomain protein to CEK cells, suggesting that the all changes in the S protein
in combination affected the binding to CEK cells. Because changes in S protein associated with
adaption to CEK cells abolished rather than improved binding to CEK cells, our results suggest
that factors other than improved attachment to CEK cells were involved in adaptation of this strain

to CEK cells.

1. INTRODUCTION
Avian coronavirus infectious bronchitis virus (IBV) is one of the most economically important
respiratory pathogens in the poultry industry. The viral envelope is covered with the clove-shaped
trimeric spike (S) protein, a highly-glycosylated class | viral fusion protein (49). The IBV S
glycoprotein is cleaved into an amino (N)-terminal S1 subunit of approximately 520 amino acids
and carboxy (C)-terminal S2 subunit of about 620 amino acids, which remain non-covalently
associated (43, 50, 51). Coronavirus S proteins mediate viral attachment and entry into host cells.
S1 subunits include the receptor binding domain(s) and the membrane-anchoring S2 subunits are
involved in the fusion of the virion with host membranes [reviewed in (67)]. The role of S proteins
in determining the tissue and species specificity and pathogenicity of several coronaviruses,

including 1BV, is well-documented (76, 85, 86, 90, 91, 140).
Live attenuated ArkDPI IBV vaccines are used extensively in United States. Changes in
the ArkDPI genome were documented after 101 serial passages in embryonated eggs of the
virulent ArkDPI strain to generate an attenuated vaccine strain. Differences were observed in only

21 nucleotides in the whole genome, resulting in 17 amino acid changes. Differences were
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concentrated in the S gene (encoding 8 of 17 aa differences), mostly in the S1 part (97) indicating
that changes in the S gene are associated with attenuation. However, commercial ArkDPI-derived
vaccines contain minor subpopulations that are rapidly selected in vaccinated chickens, with S
gene sequences similar to that of the original virulent ArkDPI strain (38, 64). These minor vaccine
subpopulations are likely the cause of tracheal damage and vaccine virus persistence observed in
ArkDPI-vaccinated chickens (81, 114). Vaccine subpopulations selected in chickens were
eliminated from a commercial IBV-ArkDPI vaccine strain by 7 serial passages in chicken
embryonic kidney (CEK) cells (89). During adaptation to CEK cells, two amino acid changes
(amino acid positions 163 and 323) in the S1 protein and one amino acid change (amino acid
position 889) in the S2 protein also occurred. Importantly, these three changes were all non-
conservative changes and thus might affect S protein binding to CEK cells and contribute to
adaptation. One difference in S1 was in the N-terminal domain (amino acid 163), which is
sufficient for sialic-acid-dependent binding to tracheal epithelium in protein histochemistry assays
(78). The other difference in S1, amino acid 323, in the C-terminal domain, is at a position that
differs in the predominant amino acid among the four commercial ArkDPI-derived vaccines (38).
We hypothesized that these alterations in the S gene of CEK-adapted ArkDPI vaccine strain
contributed to adaptation by allowing the virus to attach more efficiently to CEK cells compared
to the ArkDPI vaccine strain.

Wickramsinghe et al. developed and used an in vitro S1 protein histochemistry assay to
show that recombinant S1 proteins representing the attenuated Mass serotype H120 vaccine strain
bind to tracheal epithelium with lower affinity than recombinant S1 protein representing the
virulent M41 strain (76). Thus, binding of recombinant S1 proteins in vitro can reflect effects of

differences in S1 proteins on viral tropism and pathogenicity. In the case of ArkDPI-type IBV,
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recombinant S1 protein representing an ArkDPI-derived IBV vaccine subpopulation that is
selected in chickens binds to tracheal epithelium and other chicken tissues with greater affinity
than S1 protein representing the negatively selected major vaccine population, consistent with an
important role for differences in the S1 protein in selection of that vaccine subpopulation in
chickens (141). Interestingly, the S1 protein of this selected vaccine subpopulation differs from
that of the negatively-selected major vaccine population in only four amino acid positions (38).
Thus the assay is able to detect binding differences resulting from only a few amino acid
differences in S1. In addition, the S2 portion of the IBV S protein increases binding affinity in this
assay (30, 70), suggesting that effects of differences in S2 that potentially affect virus attachment
can be detected by the assay. We used spike protein histochemistry assays to address our
hypothesis that the three changes in the S gene of CEK-adapted ArkDP1 vaccine strain contributed
to adaptation by allowing the virus to attach more efficiently to CEK cells compared to the ArkDPI

vaccine strain.

2. MATERIALS AND METHODS

2.1. Spike protein expression plasmids

Expression constructs contained S1- or S-ectodomain-coding sequences flanked by
sequences encoding an N-terminal CD5 signal sequence and sequences encoding a C-terminal
artificial GCN4 trimerization motif and Strep-tag Il for affinity purification and detection of
recombinant proteins, as described (76). Codon-optimized sequences encoding IBV ArkDPI
vaccine S1 (GenBank accession no. ABY66327) [amino acids (aa) 19-539], containing an
upstream Kpnl and a downstream Nhel restriction site, were obtained from GeneArt (Regensburg,

Germany) and cloned into the pCD5 expression vector as previously described (76). To introduce
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changes in S1 codon 163 (mutation no. 1) and codon 323 (mutation no. 2) of the codon-optimized
vaccine S1 gene corresponding to the changes in CEK adapted S1 gene (89), site directed
mutagenesis was performed by overlap extension polymerase chain reaction (PCR) (142) using
the Phusion High-Fidelity PCR kit (Thermo Scientific, Waltham, MA, USA). Codon optimized
CEK-adapted S1-coding sequences (aa 19-539), were then cloned into Nhel and Kpnl-cleaved
pCD5 vector.

Codon optimized sequences encoding the S2-ectodomain (aa 545-1098) of ArkDPI vaccine
was also synthesized by GeneArt (Regensburg, Germany). Kpnl and Nhel sites were added for
cloning the S2-ectodomain-encoding sequences into the pCD5 vector already containing
sequences encoding the S1 domain to produce constructs encoding S-ectodomain proteins as
described (70). To avoid cleavage of the S-ectodomain at the S1/S2 border, sequences encoding
the furin cleavage site RRSRR in S were replaced by sequences encoding a GGGVP linker (70).
Codon 889 (encoding serine) of codon-optimized ArkDPI vaccine S2-coding sequences was
changed to a phenylalanine codon (mutation no. 3), corresponding to the change in S2-coding
sequences of the CEK-adapted vaccine virus (89) by site directed mutagenesis by overlap
extension PCR. The resulting codon-optimized sequences encoding the CEK adapted vaccine S2-
ectodomain were then cloned into the pCD5 vector already containing the coding sequences of the
CEK-adapted vaccine S1 using Kpnl and Nhel restriction cleavage sites. Expression plasmid
constructs containing encoding S-ectodomain containing only one or two of the three amino acid
changes found in CEK-adapted vaccine spike protein were also generated as described above. All
expression constructs were sequenced to verify correct recombinant protein-coding sequences. The

equivalent expression construct encoding the S-ectodomain of the ArkDPI vaccine subpopulation
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previously designated C2, eliminated in the CEK-adapted vaccine strain (89), was previously

described (30).

2.2. Recombinant S protein expression and purification

Soluble, trimeric Strep-tagged recombinant S1 and S-ectodomain proteins of parental
ArkDPI vaccine and CEK-adapted vaccine strain were produced in human embryonic kidney
(HEK) 293T cells as described (76, 140). In brief, 293T cells were transfected with one of the
expression plasmids and cell culture supernatants were harvested at 6 days post transfection. The
proteins were then purified using Strep-Tactin® Sepharose columns according to the
manufacturer's protocols (IBA GmbH). The concentrations of purified proteins were determined
by Qubit® 2.0 fluorometer (Invitrogen, Carlsbad, CA). The purified recombinant proteins were
visualized by electrophoresis in Mini-PROTEAN®TGX Stain-FreeTM Precast Gels (Bio-Rad,

Hercules, CA) and relative concentrations of purified proteins were determined.

2.3. CEK-cell culture and acetone fixation

Monolayers of primary CEK cells were prepared from 19-day-old specific pathogen free
(SPF) chicken embryos as described (89). Cells were seeded in 8-chamber slides (Lab-Tek®II
Chamber SlideTM, NuncTM, Rochester, NY), in minimal essential medium with 10% fetal bovine
serum and 1% antibiotics and incubated at 37 C and 5% CO.. Cells were fixed in cold acetone
when they were ~80% confluent. The acetone-fixed slides were stored at -80 C until used for

protein histochemistry.
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2.4. Spike protein histochemistry

Acetone-fixed CEK cells on chamber slides were used for spike histochemistry as
described (30), omitting the rehydration and antigen retrieval steps at the beginning of the
procedure. Briefly, Strep-tagged recombinant S1 (100 pg/ml) or S-ectodomain (50 ug/ml, except
as otherwise indicated) proteins pre-complexed with Strep-Tactin-HRP (IBA GmbH, Gottingen,
Germany) were incubated with acetone-fixed CEK cells overnight at 4 C. Bound protein was
visualized with chromogenic substrate 3-amino-9-ethyl-carbazole (AEC™; Dako, Carpinteria, CA)
and cells were counterstained with hematoxylin. Images were captured by an Aperio ScanScope
CS slide scanner (Leica Biosystems, Buffalo Grove, IL) and visualized using Aperio ImageScope

software v12 (Leica Biosystems, Buffalo Grove, IL).

2.5. Protein structure prediction and display
A three-dimensional structure homology model of the S protein of CEK-adapted vaccine
strain based on the cryo-electron microscopy structure of trimeric IBV M41-S protein (52) was

generated using the I-TASSER server (https://zhanglab.ccmb.med.umich.edu/I-TASSER/) (143,

144, 145). Visualization of the resulting model was performed with CueMol (Version 2.2.3.443,

obtained at http://www.cuemol.org/en/).

3. RESULTS
3.1. Binding of S1 proteins to CEK cells
To compare the binding affinity of S1 proteins representing ArkDPI vaccine and CEK-

adapted vaccine virus to CEK cells, protein histochemistry was performed. Recombinant S1
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protein of the vaccine strain bound detectably to only a few CEK cells as shown in Fig. 1A.
However, contrary to the expected improved binding, S1 protein of CEK-adapted vaccine strain
exhibited no detectable binding to CEK cells (Fig. 1B), even with 4 times the standard protein

concentration (not shown).

3.2. Improved binding after inclusion of S2-ectodomain

Based on the observation that the extension of S1 with the S2-ectodomain improved
binding to chicken tissues in protein histochemistry assays (30), we determined whether using the
S-ectodomain (containing both S1 and S2 domains, excluding the transmembrane domain and
cytoplasmic tail) could improve the binding to CEK cells compared to S1 protein alone. Although
S-ectodomain protein of the parental vaccine exhibited improved binding to CEK cells compared
to S1 protein (Fig. 1C), binding of the S-ectodomain protein of the CEK-adapted vaccine strain
was still undetectable (Fig. 1D). S-ectodomain representing the CEK-adapted vaccine virus
showed binding only at higher concentrations (e.g. 3.5-times the concentration used in Fig.1C &
Fig.1D) ( Fig. 1E), indicating that the S protein of the CEK-adapted virus possesses very low

binding affinity for CEK cells compared to the S protein of its parental vaccine strain.

3.3. Binding to CEK cells of S2-ectodomain of vaccine subpopulation eliminated by CEK-
adaptation

CEK-adaptation resulted in elimination from the vaccine population of subpopulations
selected in chickens (89). If this were due to negative selection in CEK cells, it would be expected
that S proteins of these vaccine subpopulations would show less binding to CEK cells compared

to vaccine S protein. Therefore the binding of S-ectodomain protein representing the C2 vaccine
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subpopulation, one of the subpopulations eliminated in CEK cells, was also compared with the
vaccine S-ectodomain protein. Rather than less or poor binding, similar binding to CEK cells of S

protein representing the C2 subpopulation was observed (Fig. 1 F).

3.4. Effects of each of the three amino acid changes in S protein associated with adaptation
to CEK cells

Effects on binding to CEK cells of each of the three amino acid changes in S protein
associated with adaptation to CEK cells were tested individually (Fig. 2). Each of the two amino
acid changes in S1 reduced, but did not abolish, binding of spike ectodomain to CEK cells (Figs.
2A and 2B). However, the combination of the two amino acid changes in S1 or the one amino acid
change in S2 alone reduced binding of the S-ectodomain to below detectable levels (not shown).
Similar to the S-ectodomain protein representing the CEK-adapted virus, containing all three aa
changes, the S-ectodomain proteins with both changes in S1 or the single change in S2 were able
to bind CEK cells when used at a higher concentration (Figs. 2C and 2D). Taken together, our
results suggest that all three changes in the S protein of the CEK-adapted virus more or less

contribute to the lack of binding.

3.5. Location in S protein secondary structure of aa changes in CEK-adapted virus

The predicted structure of CEK-adapted S protein, based on the known structure of trimeric
IBV M41 S protein demonstrated the location of the three amino acids with changes in the S
protein of CEK-adapted Ark vaccine strain associated with CEK-adaptation (not shown). The aa
change in the S1-NTD is located at the base of the NTD core and is thus unlikely to directly affect

receptor binding, but could affect secondary or tertiary structure of the S protein, thus affecting the
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conformation of the receptor-binding site. The aa change in the S1-CTD is located in a loop near
the loops identified by Shang et al. (52) as putative receptor-binding motifs and thus has more

potential to affect receptor binding.

4. DISCUSSION

Contrary to expectation, we found that changes in the S protein associated with adaptation
of an ArkDPI vaccine strain to CEK cells greatly decreased, rather than increased, the binding of
S1 or S-ectodomain protein to CEK cells. This is in contrast to our findings regarding vaccine
subpopulations selected in chickens, where S1 binding assays showed increased binding to
relevant chicken tissues of S1 protein representing a vaccine subpopulation selected in chickens,
suggesting a role for improved attachment in selection of those subpopulations (141). Also
contrary to expectation, the S-ectodomain of a vaccine subpopulation selected in chickens, but
eliminated during adaptation to CEK cells, did not bind more poorly to CEK cells than the vaccine
S-ectodomain. Taken together, these results suggest that initially the very minor vaccine
subpopulation selected in chickens was eliminated in CEK cells by limiting dilution, followed by
selection of a subpopulation replicating better in CEK cells during subsequent passages, as
evidenced by increasing virus levels (89).

Reduced, rather than improved, binding of S protein due to changes in S protein associated
with adaption of the vaccine strain to CEK cells suggests that factors other than improved
attachment, associated with other changes in the genome of CEK-adapted vaccine (89), are
involved in adaptation to CEK cells and compensate for poor attachment. Whole genome
sequencing of the CEK-adapted ArkDPI vaccine strain showed nucleotide changes resulting in

three amino acid changes (two in NSP2 and one in NSP3) had occurred in the CEK-adapted virus
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genome outside the S gene. One of the changes in NSP2 and the change in NSP3 correspond to
positions of 2 of only 9 aa changes outside the S gene of the ArkDPI strain during attenuation by
adaptation to embryos (97). In each case, the change noted in the CEK-adapted ArkDPI vaccine
represents a reversion to the amino acid found in the virulent ArkDPI strain. Of particular interest
is the change in NSP3, because the NSP3 of other coronaviruses has been shown function as a type
1 interferon antagonist (146, 147, 148). While 9-11-day-old embryos, in which embryo-adapted
IBV is propagated, do not express type 1 interferons, 20-day-old-embryos, the source of the CEK
cells used for adaptation to CEK cells, do (149). Thus, a functional interferon antagonist would
present a selective advantage to IBV replicating in CEK cells.

The S protein histochemistry assay we used did not provide evidence for a role of changes
in the S protein in adaptation of the ArkDPI vaccine strain to CEK cells. However, it should be
noted that the protein histochemistry assay only detects binding of the S1 N-terminal domain to
sialic acid receptors and is unable to detect the binding of the S1-CTD to putative protein co-
receptors demonstrated by assays using live cells (52, 78). Indeed, the presence of the S1-CTD
interferes with binding of the S1-NTD to epithelial cells in the kidney (150). Thus if the aa change
in the S1-CTD in CEK-adapted virus did improve binding to the putative protein co-receptor, our
assay would not have been able to demonstrate that. Thus a potential contribution of better

attachment due to the change in the S1-CTD to adaptation to CEK cells has not been ruled out.
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Fig. 2.1. Binding of IBV Ark-type recombinant spike proteins to CEK cells. Purified Strep-tag I1-
tagged trimeric recombinant S proteins were bound to acetone-fixed CEK cells and AEC™*
chromogenic substrate was used to identify bound spike protein as indicated by red staining
(arrows). Spike histochemistry of recombinant S1 protein representing parent (A) or CEK-adapted

(B) vaccine strain on acetone-fixed CEK cells. Proteins in A & B were used at 100 pg/ml. Spike
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histochemistry of recombinant S-ectodomain representing parent (C) or CEK-adapted (D) vaccine
strain on acetone-fixed CEK cells. Recombinant ectodomain protein concentration in C,D, and F
was 50 pg/ml, thus, ectodomain proteins were used at approximately one fourth the molar
concentration as S1 proteins. (E) S-ectodomain of CEK-adapted vaccine stain binding to CEK
cells was detectable at higher concentrations (3.5x). (F) Spike histochemistry of recombinant S-
ectodomain protein representing minor subpopulation of the Ark vaccine strain that differs from

major vaccine population in four amino acids in the S1 protein to CEK cells (F).
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Fig. 2.2. Effects of each of the three amino acid changes in S protein associated with adaption
determined by spike histochemistry. Purified Strep-tag Il-tagged trimeric recombinant S proteins
were bound to CEK cells and AEC* chromogenic substrate was used to identify bound spike
protein as indicated by red staining (arrows). (A) Vaccine strain S-ectodomain with single aa
change in S1-NTD (mutation 1) binding to CEK cells. (B) Vaccine strain S-ectodomain with single
aa change in S1-CTD (mutation 2) binding to CEK cells. S-ectodomain proteins in A & B were
used at 50 pg/ml. Vaccine strain S-ectodomain with single change in S2 (C) or S-ectodomain with

two changes in S1 (D) binding was detectable at higher concentrations (3.5x).
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CHAPTER 3

Replication dynamics of CEK cell-adapted ArkDPI-derived infectious bronchitis vaccine in

chickens

SUMMARY. We previously eliminated ArkDPI infectious bronchitis virus (IBV) vaccine
subpopulations that are selected in chickens and persist in chickens by seven serial passages of a
commercial ArkDPI-derived IBV vaccine in chicken embryonic kidney (CEK) cells. The CEK-
adapted vaccine strain maintained the ability to protect against homologous IBV challenge. The
CEK-adapted ArkDPI vaccine spike (S) protein has three amino acid differences from the original
major vaccine population. We observed that recombinant S protein with these changes showed
severely reduced or no detectable binding to most relevant chicken tissues in vitro, suggesting a
reduced replication ability of the CEK-adapted vaccine strain in chickens. We compared
replication in chickens of our CEK-adapted ArkDPI vaccine strain to a commercial ArkDPI-
derived vaccine, with only two amino acid differences in S, after ocular inoculation of 1-day-old
SPF leghorn chickens with 10* or 10° ElDso CEK-adapted ArkDPI vaccine, or 10* ElDso
commercial ArkDPI vaccine. Replication of the vaccine viruses in individual chickens was
monitored by determining relative levels of viral RNA in tears 3, 5 and 8 days post-vaccination
(DPV) and in choanal and tracheal swabs 5 and 8 DPV by gRT-PCR. Differences in viral loads
and kinetics among the groups were most pronounced in tears. At 3 DPV, tears of chickens

inoculated with 10° EIDso of CEK-adapted vaccine and 10* EIDso commercial ArkDPI vaccine
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had similar viral loads, while those of chickens given 10* EIDsy CEK-adapted vaccine were
approximately 100-fold lower (P < 0.0001). Viral loads in tears of both chicken groups given the
CEK-adapted vaccine remained at levels similar to 3 DPV through days 5 and 8 DPV, while those
in chickens given the commercial vaccine increased approximately 1000-fold during the same time
period (P < 0.0001). The sharp increase in viral load in tears of chickens given the commercial
vaccine was likely due to efficient replication of minor (<5%) vaccine subpopulations selected in
chickens, which are lacking in the CEK-adapted vaccine. Selection of vaccine subpopulations in
chickens given the commercial vaccine but not in chickens given the CEK-adapted vaccine was
verified by S1 gene sequencing of the IBV genomes in samples from each chicken. Although
statistically significant differences among groups were also noted in viral loads in choanal and
tracheal swabs, they were less pronounced, with viral loads in groups given 10* EIDso of either the
commercial or CEK-adapted vaccine differing by only 10-20-fold at both 5 and 8 DPV. In contrast
to the 38-fold increase between 5 and 8 DPV in viral loads in tears of chickens vaccinated with the
commercial vaccine, viral loads in choanal and tracheal swabs of these chickens decreased
somewhat (3.7- and 2.6-fold respectively; P < 0.0001 and P< 0.05 respectively). The ability of the
CEK-adapted vaccine to provide effective protection against challenge in spite of substantially
lower replication of the CEK-adapted vaccine virus in some tissues in chickens, reflected in lower
vaccine viral loads in tears, is likely due to only minimally reduced replication in other tissues, as

reflected by vaccine viral loads in choanal and tracheal swabs.

1. INTRODUCTION
Commercial ArkDPI-derived vaccines, which are used extensively in the U.S., contain

minor subpopulations that are rapidly selected in vaccinated chickens (36, 38, 64). The selected
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subpopulations have spike gene sequences (encoding the viral attachment protein) similar to that
of the original virulent ArkDPI strain and are likely the cause of tracheal damage and vaccine virus
persistence observed in ArkDPI-vaccinated chickens (81, 114). The selection of these viral
subpopulations within 3 days post-vaccination suggests they replicate better in chickens than the
predominant virus population in the vaccine prior to inoculation (38, 64). Consistent with a role
for improved attachment in selection of the vaccine subpopulations in chickens, recombinant S1
protein representing one of the subpopulations selected in chickens binds better to relevant chicken
tissues in spike protein histochemistry assays than recombinant S1 protein representing the major
vaccine population (141). The vaccine subpopulations selected in chickens were eliminated from
acommercial IBV-ArkDPI vaccine strain by 7 serial passages in chicken embryonic kidney (CEK)
cells (89). In addition, during adaptation to CEK cells, two amino acid changes in the S1 protein
(amino acid positions 163 and 323) and one amino acid change in the S2 protein (S amino acid
position 889) also occurred. Contrary to expectation, these changes severely diminished, rather
than improved, the binding affinity of recombinant S-ectodomain protein to CEK cells (Chapter
2).

Despite the absence of vaccine subpopulations selected in chickens and the severe
reduction of the S protein binding affinity for CEK cells, the CEK-adapted vaccine strain replicates
in chickens well enough to induce an immune response protective against virulent Ark IBV
challenge (65, 66). We further explored the ability of the CEK-adapted vaccine strain to replicate
in chickens by comparing the binding of its spike protein with that of the major commercial
ArkDPI vaccine population to relevant chicken tissues in vitro using spike protein histochemistry
assays. We also compared replication dynamics of the two viruses in different chicken tissues in

Vivo.
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2. MATERIALS AND METHODS
2.1. Spike protein expression plasmids

Expression constructs contained S1- or S-ectodomain-coding sequences flanked by
sequences encoding an N-terminal CD5 signal sequence and sequences encoding a C-terminal
artificial GCN4 trimerization motif and Strep-tag Il for affinity purification and detection of
recombinant proteins, as described (76). Codon-optimized sequences encoding ArkDPI vaccine
S1 (GenBank accession no. ABY66327), [amino acids (aa) 19-539] containing an upstream Kpnl
and a downstream Nhel restriction site, were obtained from GeneArt (Regensburg, Germany) and
cloned into the pCD5 expression vector as previously described (76). Codon changes at S1 codons
163 and 323 of the codon-optimized vaccine S1 gene corresponding to the changes in CEK-
adapted vaccine S1 gene (89), were introduced by site directed mutagenesis by overlap extension
polymerase chain reaction (PCR) (142) using the Phusion High-Fidelity PCR kit (New England
Biolabs, Ipswich, MA). Codon optimized CEK-adapted S1 coding sequences (aa 19-539), were
then cloned into Nhel and Kpnl-cleaved pCD5 vector.

Codon optimized sequences encoding the S2-ectodomain (aa 545-1098) of ArkDPI vaccine
was also synthesized by GeneArt (Regensburg, Germany). Kpnl and Nhel sites were added for
cloning into the pCD5 vector already containing sequences encoding the S1 domain to produce
constructs encoding S-ectodomain proteins as described (70). To avoid cleavage of the S-
ectodomain at the S1/S2 border, sequences encoding the furin cleavage site RRSRR in S were
replaced by sequences encoding a GGGVP linker (70). Codon 889 (encoding serine) of codon-
optimized ArkDPI vaccine S2-coding sequences was changed to a phenylalanine codon,
corresponding to the S2 of CEK-adapted vaccine virus (89) by site directed mutagenesis and

overlap extension PCR. The resulting codon-optimized sequences encoding the CEK adapted
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vaccine S2-ectodomain were then cloned into the pCD5 vector already containing the coding
sequences of the CEK-adapted S1 protein using Kpnl and Nhel restriction cleavage sites.

Expression constructs were sequenced to verify correct recombinant protein-coding sequences.

2.2. Recombinant S protein expression and purification

Soluble, trimeric Strep-tagged recombinant S1 and S-ectodomain proteins of parental
ArkDPI vaccine and CEK-adapted vaccine strain were produced in human embryonic kidney
(HEK) 293T cells as described (76, 140). In brief, 293T cells were transfected with one of the
constructed plasmids and cell culture supernatants were harvested at 6 days post transfection. The
proteins were then purified using Strep-Tactin® Sepharose columns according to the
manufacturer's protocols (IBA GmbH). The concentrations of purified proteins were determined
by Qubit® 2.0 fluorometer (Invitrogen, Carlsbad, CA). The purified recombinant proteins were
visualized by electrophoresis in Mini-PROTEAN®TGX Stain-Free™ Precast Gels (Bio-Rad,

Hercules, CA) and relative concentrations of purified proteins were determined.

2.3. Spike protein histochemistry

The binding efficiency of S1 and S-ectodomain proteins to formalin-fixed tissue sections
prepared from healthy specific pathogen free (SPF) 40-day old white leghorn chickens was
assessed by protein histochemistry as described (30). Briefly, Strep-tagged S1 (100 pg/ml) or S-
ectodomain (50 ug/ml) proteins pre-complexed with Strep-Tactin-HRP (IBA GmbH, Géttingen,
Germany) were incubated with deparaffinized and rehydrated tissue sections overnight at 4 C.
Lower concentrations of S-ectodomain proteins were used to avoid non-specific background.

Bound protein was visualized with chromogenic substrate 3-amino-9-ethyl-carbazole (AECT;
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Dako, Carpinteria, CA) and tissues were counterstained with hematoxylin. Images were captured
by an Aperio ScanScope CS slide scanner (Leica Biosystems, Buffalo Grove, IL) and visualized

using Aperio ImageScope software v12 (Leica Biosystems, Buffalo Grove, IL).

2.4. Chickens

White leghorn chickens hatched from specific pathogen free (SPF) eggs (Charles River,
North Franklin, CT) were 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 guidelines. Auburn University College of Veterinary Medicine is
an Association for Assessment and Accreditation of Laboratory Animal Care-accredited

institution.

2.5. Vaccination and sample collection

Chickens were divided into three groups (n=15/group) and vaccinated at 1 day of age. Each
chicken in the first group received 10* 50% embryo infective doses (EIDso) of a commercially
available live attenuated ArkDPI-type IBV vaccine in a volume of 100 ul via ocular (25 ul each
eye) and nasal (25 ul each nostril) routes. Chickens in the second group received the CEK-adapted
vaccine at the same dose as the commercial vaccine (10* EIDso) and the third group was inoculated
with the CEK-adapted vaccine at ten times the dose of the commercial vaccine (10°
EIDso/chicken). An additional group served as unvaccinated controls. Lachrymal fluids were
collected 3, 5, and 8 days post vaccination (DPV) as described (151). Choanal and tracheal swabs

were collected in tryptose broth 5 and 8 DPV.

43



2.6. RNA extraction
Total RNA was extracted from tracheal and choanal swabs and tears from each chicken
using the TriReagent® RNA/DNA/protein isolation reagent (Molecular Research Center,

Cincinnati, OH) following the manufacturer’s protocols.

2.7. Viral load by gqRT-PCR

Relative IBV RNA levels in lachrymal fluids, choanal swabs and tracheal swabs were
determined by Tagman® quantitative reverse transcription polymerase chain reaction (QRT-PCR)
targeting the 5 UTR as described (152). Data were analyzed by one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparisons post-test. Differences were considered

significant at P < 0.05.

3.2.8. Sequencing of S1 gene

cDNA for sequencing a portion of the IBV S1 gene was prepared from RNA by RT-PCR
using the Qiagen one step RT-PCR kit (Qiagen, Valencia, CA) and primers S17F and S18R (64).
The products obtained were visualized by SYBR Green staining after agarose gel electrophoresis.
Amplified cDNA was purified using the QIAquick PCR Purification kit (Qiagen, Valencia, CA)
and submitted to the Massachusetts General Hospital DNA core facility for sequencing using
primers S17F and S1R (64), yielding sequences of the first approximately 700 nt of the S1 coding
sequences. Sequences were assembled and aligned using MacVector 15.5 software (MacVector
Inc., Cary, NC). The presence of a clear G nucleotide (alone or in combination with a T nucleotide)
in sequence chromatograms at S1 position 637 indicated the presence of a vaccine subpopulation

selected in chickens (38, 64), and Fisher’s exact test was used to determine statistical differences
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in incidence of presence of selected subpopulations between time points and groups. Differences

with P values <0.05 were considered significant.

3. RESULTS

3.1. Differences in binding to chicken tissues of recombinant S1 proteins representing the
major ArkDPI vaccine population and CEK-adapted ArkDPI vaccine strain

We compared the ability of trimeric recombinant S1 proteins representing the major
ArkDPI vaccine population and the CEK-adapted virus to bind to relevant chicken tissues by
protein histochemistry. Very low levels of binding were seen to the glands of choana, nasolacrimal
gland, and to the epithelium of the conjunctiva and cloaca by vaccine S1 (Figs.1A, 1C, 1E, and
not shown). Binding to other relevant chicken tissues, including tracheal, lung, and kidney tubule
epithelium, was not detectable (not shown). CEK-adapted virus S1 showed an even lower level of
binding to the epithelium of conjunctiva (Fig. 1F) but no detectable binding to the other tissues
tested (Figs. 1B, 1D and not shown), even when four times higher concentration of S1 protein was

used (not shown).

3.2. Differences in binding to chicken tissues of recombinant S-ectodomain protein
representing the major ArkDPI vaccine population and CEK-adapted vaccine

Because use of the S-ectodomain protein (S1 plus S2 lacking transmembrane and
cytoplasmic tail domains) in spike protein histochemistry assays improves binding compared to
S1 protein (30, 70), we also compared binding of CEK-adapted vaccine virus and parental virus
S-ectodomains to trachea, lung, and kidney (tissues relevant to IBV pathogenesis); conjunctiva,

choana, and nasolacrimal gland (sites of IBV replication following ocular inoculation); and cloaca
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(through which virus is shed to the environment) (Fig. 2). Modestly or markedly increased binding
by the S-ectodomain protein representing the vaccine strain, compared to binding by the S1
protein, was observed to epithelial and secretory cells of trachea, epithelial cells of lung and
kidney, secretory cells and epithelium of choana, epithelial cells of conjunctiva, secretory cells in
the nasolachrymal gland, and epithelium and secretory cells in the cloaca. However, detectable
binding of S-ectodomain representing the CEK-adapted vaccine strain was observed only to
trachea, choana, conjunctiva, and cloaca. Furthermore, binding of the S-ectodomain protein of the
CEK-adapted virus to trachea and cloaca was markedly reduced compared to that of the vaccine
strain. However, binding of S-ectodomain representing CEK-adapted virus to epithelial cells in
the choana and conjunctiva was nearly equivalent to that of spike ectodomain representing the

parental vaccine virus (Figs. 2C-2F).

3.3. Replication dynamics in chickens

The severely reduced or absence of detectable binding by S-ectodomain protein
representing the CEK-adapted vaccine virus, except to choanal and conjunctival epithelium,
suggested a reduced replication ability and restricted tissue tropism of the virus in chickens.
Therefore we compared replication of the CEK-adapted ArkDPI vaccine strain to a commercial
ArkDPI-derived vaccine in different tissues of chickens after ocular inoculation of 1-day-old SPF
leghorn chickens with 10* or 10° EIDso CEK-adapted ArkDPI vaccine, or 10* EIDso commercial
ArkDPI vaccine.

Relative levels of viral RNA in tears determined by gRT-PCR 3, 5 and 8 days DPV
revealed pronounced differences in viral loads and kinetics among the groups (Fig. 3A). At 3DPV,

tears of chickens inoculated with 10° EIDso of CEK-adapted vaccine and 10* EIDso commercial
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ArkDPI vaccine had similar viral loads, while those of chickens given 10* EIDsyp CEK-adapted
vaccine were approximately 100-fold lower (P < 0.0001). The viral loads in tears of both chicken
groups given the CEK-adapted vaccine remained at levels similar to 3 DPV through days 5 and 8
DPV, while those in chickens given the commercial vaccine increased approximately 1000-fold
during the same time period (P < 0.0001).

Statistically significant differences among groups were also noted in viral loads in choanal
(Fig. 3B) and tracheal swabs (Fig. 3C). However, differences were less pronounced compared to
differences in viral loads in tears, with viral loads in groups given 10* EIDso of either the
commercial or CEK-adapted vaccine differing by only 10-20-fold at both 5 and 8 DPV. In contrast
to the 30-fold increase between 5 and 8 DPV in viral loads in tears of chickens vaccinated with the
commercial vaccine, viral loads in choanal and tracheal swabs of these chickens decreased

somewhat (3.7- and 2.6-fold respectively; P < 0.0001 and P < 0.05 respectively).

3.4. Selection of vaccine subpopulations in chickens

The sharp increase between 3 and 8 DPV in viral load in tears of chickens given the
commercial vaccine, not observed in chickens administered the CEK-adapted vaccine (Fig. 3A),
was likely due to efficient replication of minor vaccine subpopulations selected in chickens, which
are lacking in the CEK-adapted vaccine (89). This supposition was verified by S1 gene sequencing
of the IBV genomes in samples from all chickens. Vaccine subpopulations selected in chickens
were readily apparent by 5 DPV in nearly all samples collected from chickens vaccinated with the
commercial vaccine, while vaccine subpopulations selected in chickens were not observed in any

of the samples from chickens vaccinated with the CEK-adapted vaccine strain (Table 3.1).
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4. DISCUSSION

Chickens vaccinated with CEK-adapted ArkDPI vaccine virus showed effective protective
immune responses against virulent IBV challenge, as evidenced by reduction in viral load and
clinical signs following challenge (65, 66), indicating that the virus is able to successfully replicate
in chickens. Next generation sequencing of the whole genome and conventional sequencing of the
S gene showed three nonconservative amino acid changes in S protein, two in the S1 subunit and
one in the S2 subunit, had occurred in the ArkDP1 vaccine virus during adaptation to primary CEK
cells (89). In this study the effect of those changes in the S protein associated with CEK-adaptation
on tissue tropism was investigated by spike protein histochemistry using a wide range of chicken
tissues that are relevant for viral replication, pathogenesis, and shedding. Results suggested that
the tropism of the CEK-adapted vaccine virus might be restricted to epithelial cells in the head,
which would be encountered soon after ocular inoculation, and that replication in trachea would
be absent or limited. To examine this possibility, viral tropism in vivo was addressed by evaluating
replication dynamics of CEK-adapted vaccine virus in epithelial tissues in the head (reflected by
viral loads in tears and choanal swabs) and trachea. Results showed lower levels of replication of
the CEK-adapted vaccine virus than the commercial ArkDPI vaccine virus in all sample types, but
did not support the prediction, based on in vitro binding assays of recombinant spike proteins to
various tissues, that replication in trachea would be more severely reduced than replication in
epithelial cells associated with eyes and choana.

Since the S1 subunit is the receptor binding protein, we initially examined the effect of the
two amino acid changes in the CEK-adapted virus S1 protein on the ability of recombinant trimeric
S1 protein to bind to relevant chicken tissues. Very low levels or absence of detectable binding of

both vaccine and CEK-adapted vaccine S1 were observed, with binding to fewer tissues by the S1
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protein of the CEK-adapted virus. The full length S-ectodomain proteins of both Mass and Ark
serotype IBV show improvement over S1 protein in attachment to chicken tissues in protein
binding assays (30, 70). Therefore, we examined the binding efficiency of S-ectodomains to
various chicken tissues. As expected, the S-ectodomain of the ArkDPI vaccine strain showed
improved binding compared to the S1 protein to most of the tissues tested. Use of the S-ectodomain
representing the CEK-adapted vaccine virus also improved binding to some chicken tissues (such
as in choanal and conjunctival epithelium). Thus our results are consistent with those of others,
showing that S2 improves binding efficiency of S1 protein. However, markedly lower levels of
binding to most chicken tissues by the S-ectodomain protein of CEK-adapted vaccine strain,
compared to the ArkDPI vaccine S-ectodomain, were observed, with the exception of epithelial
cells of the choana and conjunctiva. These observations suggested that replication of the CEK-
adapted vaccine strain would be largely restricted to sites first encountered by the virus
administered oculary, leading to stimulation of immunity in head-associated lymphoid tissues such
as Harderian gland and conjunctiva-associated lymphoid tissue (CALT). From an applied
perspective, such restriction might be beneficial as it would reduce adverse reactions, due to
reduced viral load, and stimulate local immunity as well.

Consistent with reduced binding of its S-ectodomain protein to chicken tissues, the CEK-
adapted ArkDPI vaccine strain replicated to lower levels in chickens than the commercial vaccine
strain, as expected. However, our results did not support the prediction that replication of the CEK-
adapted virus was restricted to certain tissues. Viral loads were not more severely reduced in
trachea than in choana or tears, in spite of severe reduction of binding of the CEK-adapted S-
ectodomain protein to tracheal epithelium in the protein histochemistry assay. The basis of

selection of the CEK-adapted virus in CEK cells, in spite of lack of detectable binding of its S-
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ectodomain to CEK cells in the protein histochemistry assay was discussed in the previous chapter.
That discussion is relevant to modest reduction of viral loads of the CEK-adapted virus in trachea
compared to reduction in tears, in spite of severe reduction of binding of its S-ectodomain to
trachea, compared to little or no reduction of binding to conjunctiva. Other factors may contribute
to success of the CEK-adapted virus in trachea, such as ability to antagonize the type 1 interferon
response, or interact with a protein co-receptor.

Results of protection following challenge of the chickens vaccinated in this study have
been reported (66). Chickens vaccinated with both the commercial ArkDPI and CEK-adapted
vaccines were protected despite substantially lower replication of the CEK-adapted vaccine virus
in some tissues in chickens, reflected in lower vaccine viral loads in tears. The effective protection
afforded by the CEK-adapted virus was likely due to only minimally reduced replication in other
tissues, as reflected by vaccine viral loads in choanal and tracheal swabs. Nevertheless, protection,
as measured by reduction in viral load in tears 5 days post-challenge, was marginally, though
statistically significantly, greater in the chickens vaccinated with the commercial ArkDPI vaccine
{Zegpi, 2017 #180. Thus higher vaccine viral loads were associated with somewhat greater

protection in this study.
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accine S1 CEK-adapted S1

Choana

Conjunctiva Nasolacrimal

Fig. 3.1. Protein histochemistry demonstrating recombinant S1 proteins representing vaccine strain
and CEK-adapted strain binding to chicken tissues. Purified Strep-tag ll-tagged trimeric
recombinant S1 proteins (100 pg/ml) were bound to formalin fixed chicken tissues and AEC*
chromogenic substrate was used to identify bound spike protein as indicated by red staining
(arrows). In panels A, C, and E, recombinant S1 was from the vaccine strain. In panels B, D, and
F, the recombinant S1 was from the CEK-adapted vaccine strain. S1 protein histochemistry is

shown for choana (A and B), nasolacrimal glands (C and D), and conjunctiva (E and F).

51



CEK-adapted
S ectodomain

S
in

ine
ectodoma

Vacc

s

mt.

BUBOYD

Rt

eAljounfuo

lv....

52



Nasolacrimal
gland

Cloaca

Fig. 3.2. Protein histochemistry comparing binding of recombinant trimeric S-ectodomain protein
representing the major population of a commercial ArkDPI vaccine strain and CEK-adapted
ArkDPI vaccine strain to relevant chicken tissues. Purified Strep-tag Il-tagged trimeric
recombinant S-ectodomain proteins (50 pug/ml) were bound to formalin fixed chicken tissues and
AEC™ chromogenic substrate was used to identify bound spike protein as indicated by red staining
(arrows). In panels A, C, E, G, I, K, and M, recombinant S-ectodomain protein was from the
vaccine major population. In panels B, D, F, H, J, L, and N, the recombinant S-ectodomain protein
was from the CEK-adapted vaccine strain. S-ectodomain protein histochemistry is shown for
trachea (A and B), choana (C and D), conjunctiva (E and F), lung (G and H), kidney (I and J),

nasolacrimal gland (K and L), cloaca (M and N).
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Fig. 3.3. Relative vaccine virus RNA levels in (A) tears, (B) choanal swabs, and (C) tracheal swabs
at different days post vaccination with CEK-adapted or commercial ArkDPI vaccine. Mean logio
values + SEM are shown. Different letters indicate statistically significant differences (One-way

ANOVA, Tukey’s post-test; P < 0.05).
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Table 3.1. Selection of vaccine subpopulations in chickens

Chickens vaccinated

Number of samples containing selected vaccine populations®/number of S1
sequences obtained®

Commercial
vaccine (10

with: CEK (10*EIDsp) Pvalue® CEK (10°EIDsp) P value® EIDsg)

Sample DPV

Tears 3 D 0/2 1.5, 2/6
5 - 0/2 0.048 35
8 - 0/2 0.046 9/10

Choanal swabs 5 0/15 <0.0001 0/13 =0.0001 13715
8 013 =0.0001 0/15 =0.0001 15415

Tracheal swabs 5 0/9 =0.0001 0/4 0.0004 13/13
8 0/13 =0.0001 0/7 =10.0001 12/12

4A hallmark of ArkDPI-derived vaccine subpopulations selected in chickens is a G nucleotide (instead
of T) at 51 gene position 637 (64, 38). Therefore the criterion for designation of a sample as containing a

selected vaccine subpopulation was that a G nucleotide (alone or as a mixture with T) was clearly
discernable at 51 nucleotide 637 1n the sequence chromatogram.

BSome samples did not contain adequate amounts of IBV RNA for S1 gene sequencing. so for most time
points and sample types, 15 sequences/group were not obtained.

CP values for difference from corresponding samples in commercial vaccine-vaccinated chickens

(Fisher's exact test)

D _ indicates no sequences obtained
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SUMMARY. An infectious bronchitis virus (CalEnt) with unusual enteric tropism was isolated
from a California broiler flock exhibiting runting-stunting syndrome. IBV was detected in the
small intestine, but not in respiratory tract or kidney. During virus isolation in embryos, it did not
replicate in chorioallantoic membrane (CAM), but could be recovered from intestines. Its S1
protein showed 93% amino acid sequence identity to a California variant isolated in 1999 (Cal99).
Intestinal lesions were reproduced following ocular/nasal inoculation of specific pathogen free
(SPF) chickens, but respiratory signs and lesions were also present. The virus was detected in both
respiratory and intestinal tissues. To determine whether the novel tropism of IBV CalEnt was due
to an increased ability of its S1 protein to bind to the intestinal epithelium, we compared the
binding of soluble trimeric recombinant S1 proteins derived from CalEnt and Cal99 to chicken
tissues. Contrary to expectations, CalEnt S1 protein did not bind to small intestine, and, unlike
Cal99 S1, did not bind to the respiratory epithelium or CAM. Using only the CalEnt S1-N-terminal
domain or including the S2-ectodomain (lacking membrane and cytoplasmic domains), which
have been shown to improve ArkDPI S1 binding, did not lead to detectable binding at the standard
protein concentration to any tissue tested. Our results indicate no/poor binding of the CalEnt spike
protein to both respiratory and intestinal tissues and thus do not support better attachment to
intestinal epithelial cells as a reason for CalEnt’s extended tropism. These results might reflect
shortcomings of the assay, including that it does not detect potential contributions of the S1-C-
terminal domain to attachment. We used bioinformatic approaches to explore the possibility that
the unique tropism of CalEnt might be a result of functions of the S protein in cell entry steps
subsequent to attachment. These analyses suggest that CalEnt’s S2-coding region was acquired
through a recombination event and encodes a unique amino acid sequence at the putative

recognition site for the protease that activates the S protein for fusion. Thus S2 activation by tissue-
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specific proteases might facilitate CalEnt entry into intestinal epithelial cells and compensate for

poor binding by its S1 protein.

1. INTRODUCTION
The avian infectious bronchitis coronavirus (IBV) is an economically important, highly contagious
respiratory pathogen of chickens, which is endemic in the poultry industry worldwide, affecting
the performance of both meat-type and egg-laying birds {Jackwood, 2012 #76}. IBV replicates
initially in the epithelium of the upper respiratory tract, and, following viremia, also in the
epithelium of non-respiratory tissues including those in the urogenital tract. Depending on the IBV
strains, disease outcome varies, ranging from mild respiratory symptoms to severe kidney and
oviduct disease (11). IBV is frequently isolated from cecal tonsils or cloacal swabs from breeder
or layer flocks with or without respiratory disease, but the isolated strains cause respiratory disease
during experimental infection (153, 154). Some IBV isolates have been shown to have a wider
enteric tissue distribution and longer persistence in enteric tissues compared to other isolates, but
all cause respiratory disease and lesions during experimental infection (109, 110, 155, 156). These
isolates have been obtained from many parts of the alimentary tract of experimentally infected
chickens, including proventriculus, duodenum, jejunum, caecal tonsils, and cloaca (24, 109, 110),
although evidence for viral replication in those tissues has been obtained only for enterocytes in
the ileum and rectum (24) and glandular epithelium in the proventriculus (157). In partial
agreement, ten IBV isolates originating from fecal swabs or gut tissues were all able to replicate
in proventriculus organ cultures, half were able to replicate in cecal tonsil or rectum organ cultures,
but none replicated in duodenum, jejunum, or ileum organ cultures (9). Presence of IBV in enteric

tissues very rarely causes any pathology/clinical symptoms (reviewed by (9)). Occasionally lesions
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were observed in the rectum of experimentally infected chickens, but not in other parts of the
intestines (24). Chacon, et al. recently compared the pathogenicity and tropism of two genetically
similar Brazilian IBV isolates, one isolated from enteric content of a broiler flock with diarrhea
and poor growth rate and one isolated from respiratory tissues of a broiler flock with respiratory
disease(158). They found no important differences in tropism or disease in experimentally-
inoculated chickens. Whether inoculated orally or oculonasally, both isolates caused respiratory
disease, while the agent could be detected by nested RT-PCR in both respiratory tissues and enteric
content. The enteric-origin virus did not reproduce the disease it was associated with in the
commercial flock.

An IBV was isolated from intestines of chickens in a broiler flock exhibiting clinical signs
of runting-stunting syndrome and designated “California enteric variant” (CalEnt) due to its
unusual tropism (13). IBV antigen was detected within the cytoplasm of enterocytes in all
segments of the intestine (duodenum, jejunum, rectum/cloaca) of the affected birds as well as in
the proventriculus and pancreas, indicating viral replication in these tissues. However, no 1BV
antigen was detected in respiratory tissues, including trachea, lung, and air sac, or conjunctiva.
Most remarkably, during virus isolation from intestinal samples in embryos, IBV could not be
detected in chorioallantoic membrane or allantoic fluid using fluorescently labeled antibody,
electron microscopy (EM), or RT-PCR. In contrast, IBV was detected by both EM and RT-PCR
in the embryo’s intestine and was recovered from this tissue (13). Following oculonasal
inoculation of CalEnt, IBV antigen and RNA were detected in the intestine and histopathologic
lesions of the intestine were reproduced in SPF chickens. Consistent with observations of others
regarding experimental infection with enteric-origin IBVs, mild respiratory signs and lesions were

also observed. IBV antigen was detected in conjunctiva, sinus/turbinate, and trachea, and 1BV
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RNA was present in tears and trachea. Thus, CalEnt exhibited a broadened tropism, causing lesions
in both intestine and respiratory tract.

Coronavirus spike (S) proteins mediate viral attachment and cell entry and are major
determinants of coronavirus species specificity and tissue tropism (77, 86). The IBV S
glycoprotein is cleaved into an amino (N)-terminal S1 subunit of approximately 520 amino acids
and carboxy (C)-terminal S2 subunit of about 620 amino acids, which remain non-covalently
associated (43, 50). Coronavirus S1 subunits or domains include the receptor binding domain(s)
and are essential for viral attachment. The membrane-anchoring S2 subunits or domains are
involved in the fusion of the viral envelope with host membranes (reviewed in (67)). Coronavirus
S1 subunits or domains comprise at least two sub-domains, the N-terminal domain (S1-NTD) and
C-terminal domain (S1-CTD), where either or both of the sub-domains can function as the
receptor-binding domain for different coronaviruses, interacting with sugar and/or protein
receptors (77). For IBV, both the S1-NTD and S1-CTD have been implicated in receptor binding.
Promkuntod, et al., (78) demonstrated that the S1-NTD of IBV strain M41 is necessary and
sufficient for binding to a-2,3 linked sialic acids located on the epithelium of the chicken
respiratory tract, which serve as receptor determinants for the virus (73, 75, 76). Shang, et al., (52)
have provided evidence that the IBV S1-CTD also possesses receptor-binding activity for an
unknown protein co-receptor. The IBV S1 subunit contains two additional subdomains, designated
subdomain (SD)1 and SD2, which connect the rest of the S1 subunit with the S2 subunit (52). The
role of SD1 and SD2 in IBV S protein function is unknown, but may provide structural constraint
of the S2 subunit until it is activated for its fusion function.

The S1 portions of coronavirus spike proteins affect tropism at the level of virus

attachment. The porcine coronavirus transmissible gastroenteritis virus provided an early example

60



that a very few changes in the S1 portion of a coronavirus S protein can alter tropism and
pathogenicity. This coronavirus lost its enteric tropism and shifted to respiratory tropism after two
amino acid changes in the S1 portion of the spike protein (87). Wickramasinghe, et al., (159) have
demonstrated that S1 proteins of avian enteric coronaviruses turkey coronavirus, guineafowl
coronavirus, and quail coronavirus have a glycan binding specificity distinct from that of IBV S1
protein and bind only to intestinal tissues, whereas the IBV S1 protein binds to both enteric and
respiratory tissues.

Subsequent to attachment mediated by the S1 portion of the spike protein, coronavirus viral
entry is mediated by the S2 portion of the spike protein. Following proteolytic activation by
cleavage at a site within S2 known as S2°, exposure of the fusion peptide and major conformational
changes of S2 lead to insertion of the S2 fusion peptide into the host membrane, fusion of the viral
envelope with host membranes, and viral entry (69). Thus tropism can be affected at the level of
viral entry by the ability of S2 to be cleaved by host cell proteases at its S2° cleavage site (90). In the
case of IBV, with the exception of the Beaudette strain, the host protease responsible for S2’ cleavage
is an unidentified serine protease (68). The extended host tropism of the IBV Beaudette strain, the
extensively passaged embryo-attenuated Massachusetts-derived strain that has acquired the ability
to replicate in mammalian cell lines, was shown to be conferred by its S protein (85), and has
recently been more precisely mapped to its S2° protease recognition site (87), which can be cleaved
by furin (68).

We examined the possibility that the broadened tropism of IBV CalEnt was due to an
increased ability of its S1 protein to bind to intestinal tissues. Because IBV Cal99 is the IBV isolate
with a known complete S protein amino acid sequence that is most similar to CalEnt S1 (92.6%
amino acid identity), we compared binding of recombinant trimeric CalEnt S1, S-ectodomain, and

S1-NTD to relevant chicken tissues with that of corresponding Cal99 recombinant proteins. We
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used bioinformatic approaches to consider the possibility that differences in CalEnt S2 might

contribute to its altered tropism at the stage of cell entry.

2. MATERIALS AND METHODS

2.1. Protein structure prediction and display

Three-dimensional structure homology models of S proteins of Cal99 and CalEnt variants
based on the cryo-electron microscopy structure of trimeric IBV M41-S protein (52) were
generated using the SWISS-MODEL (https://swissmodel.expasy.org) (160) and I-TASSER

servers (https://zhanglab.ccmb.med.umich.edu/I-TASSER/) (143, 144, 145). Visualization and

analysis of the resulting models were performed with CueMol (Version 2.2.3.443, obtained at

http://www.cuemol.org/en/).

2.2. Construction of expression plasmids

Expression constructs contained S1-, S-ectodomain- or S1-NTD-coding sequences flanked
by sequences encoding an N-terminal CD5 signal sequence and sequences encoding a C-terminal
artificial GCN4 trimerization motif and Strep-tag Il for affinity purification and detection of
recombinant proteins, as described (76). Codon-optimized sequences encoding Cal99 S1 (IBV
variant California 99, GenBank accession no. AAS00080.1) and CalEnt S1 (enteric variant CalEnt,

GenBank accession no. ANG58739.1), [amino acids (aa) 19-539] containing an upstream Nhel
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and a downstream Pacl restriction site, were obtained from GeneArt (Regensburg, Germany) and
cloned into the pCD5 expression vector as previously described (76). Codon optimized sequences
encoding the S2 ectodomains [aa 545-1098] of Cal99 and CalEnt were also synthesized by
GeneArt (Regensburg, Germany). Kpnl and Pacl sites were added for cloning the S2-ectodomain-
encoding sequences into the pCD5 vector already containing sequences encoding the S1 domain
to produce constructs encoding S-ectodomain proteins as described (70). To avoid cleavage of the
S-ectodomain at the S1/S2 border, sequences encoding the furin cleavage sites RRSRR in Cal99
S and RRFRR in CalEnt S were replaced by sequences encoding a GGGVP linker (70). For the
cloning of the S1 N-terminal domain (NTD) [aa 19-279], the appropriate segment of the S1-
encoding gene was amplified from each S1 gene construct by polymerase chain reaction (PCR)
and cloned into Nhel and Kpnl-cleaved pCD5 vector using the In-Fusion® HD PCR cloning kit
(Takara Bio USA, Inc., Mountain View, CA). All expression constructs were sequenced to verify
correct recombinant protein-coding sequences. These S1-NTD expression constructs, based on
that of (70) of the M41 NTD, encoded the S1-NTD, SD2’ and SD1’ portions of the S1 subdomains,

and the first three amino acids of the S1-CTD (see Fig. 4.1).

2.3. Recombinant S protein expression and purification

Soluble, trimeric Strep-tagged recombinant S1, S1- NTD, and S-ectodomain proteins of
Cal99 and CalEnt variants were produced in human embryonic kidney (HEK) 293T cells as
described (76, 140). In brief, 293T cells were transfected with one of the constructed plasmids and
cell culture supernatants were harvested at 6 days post transfection. The proteins were then purified
using Strep-Tactin® Sepharose columns according to the manufacturer's protocols (IBA GmbH).

The concentrations of purified proteins were determined by Qubit® 2.0 fluorometer (Invitrogen,
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Carlsbad, CA). The purified recombinant proteins were visualized by electrophoresis in Mini-
PROTEAN®TGX Stain-Free™ Precast Gels (Bio-Rad, Hercules, CA) and relative concentrations

of purified proteins were calculated.

2.4. Spike Protein histochemistry

The binding of trimeric recombinant S1 proteins, S1-NTDs and S-ectodomains to formalin-
fixed tissues from healthy SPF white leghorn chickens was assessed by protein histochemistry as
described (30). Intestinal tissues were obtained from 4-week old chickens, trachea and kidney were
obtained from 8-week old chickens, and chorioallantoic membrane was obtained from 11-day
embryos. Briefly, equimolar concentrations of Strep-tagged S1 (100 pg/ml) or SI-NTD (54 pg/ml)
proteins pre-complexed with Strep-Tactin-HRP (IBA GmbH, Gottingen, Germany) were
incubated with deparaffinized and rehydrated tissue sections overnight at 4 C. Bound protein was
visualized with chromogenic substrate 3-amino-9-ethyl-carbazole (AEC™; Dako, Carpinteria, CA)
and tissues were counterstained with hematoxylin. Lower concentrations of S-ectodomain proteins
(50 pg/ml) were used to avoid non-specific background. Images were captured by an Aperio
ScanScope CS slide scanner (Leica Biosystems, Buffalo Grove, IL) and visualized using Aperio

ImageScope software v12 (Leica Biosystems, Buffalo Grove, IL).

2.5. Recombination analysis

To detect evidence of recombination within the S gene of the CalEnt variant, the
recombination detection program (RDP4) v.4.16 was used. IBV S gene sequences to be included
in the analysis were identified by Basic Local Alignment Search Tool (BLAST) searches at the

National Center for Biotechnology Information (NCBI) (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
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using S1 and S2 gene sequences of CalEnt separately. Seventeen sequences with >90% nucleotide
identity to either CalEnt S1 or S2 gene sequences were identified and retrieved from GenBank.
The seventeen nucleotide sequences (seven full-length S gene sequences, nine S1 gene sequences,
and one S2 gene sequence) and the CalEnt S gene sequence were aligned by CLUSTALW using
MacVector version 17 (MacVector Inc., Cary, NC) and recombination analysis was conducted
using RDP, GENECONYV, Chimaera, Maximum Chi Square, BootScan, Sister Scan, and 3Seq

methods implemented in the RDP4 program with the default settings (161, 162).

2.6. Protein cleavage site prediction. Potential protease recognition sites in S2 amino acid
sequences were detected by the PROSPER protease specificity prediction server at
https://prosper.erc.monash.edu.au/(163) and the PeptideCutter server at

https://web.expasy.org/peptide cutter/ (164).

3. RESULTS

3.1. Differences between IBV CalEnt and Cal99 S1 proteins

The predicted amino acid sequence of CalEnt variant mature S1 protein has the highest
(93-94%) amino acid sequence identities with 1BVs of California variant 99 (Cal99) molecular
type, typical respiratory field isolates of IBV. Amino acid differences between the CalEnt S1
protein sequence and a representative Cal99 S1 protein sequence are mostly non-conservative
differences and are found in all four of the structural domains of S1 (Fig. 4.1A). The highest
concentration of aa differences is in the signal peptide, but these differences are not directly
relevant to the function of mature S1 protein. The largest number of aa differences (13) is in the

S1-NTD. However, when the number of total amino acids in each subdomain is considered, aa
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differences are more concentrated in SD1" and SD2", with 11% and 13% aa differences,
respectively, compared to only 6% difference within the S1-NTD. The predicted structures of
Cal99 and CalEnt S1 proteins, based on the known structure of trimeric IBV M41 S protein, are
largely identical (Fig. 4.1B), which is expected since the predictions are based on the same known
structure. An exception is one of the loops comprising part of the “partial ceiling” over the putative
sugar-binding site on the S1-NTD core identified by Shang, et al. (52), where the backbone of the
amino acid chain takes divergent paths in Cal99 and CalEnt S1 protein predicted structures (Figs.
4.1B, 4.1C). In Cal99 S1, amino acids 139 (K-lysine) and 141 (E-glutamic acid), near one end of
this loop, are oppositely charged and their side chains are in close contact in the model (Fig 4.1E).
In CalEnt S1, amino acid 141 (G-glycine) is uncharged, leaving negatively-charged amino acid
139 (E-glutamic acid) to interact with positively charged amino acid 140 (K-lysine) in the model,
and changing the orientation of this lysine side chain compared to its orientation in Cal99 S1 (Fig.
4.1D). The remainder of the amino acids in the loop are the same in Cal99 and CalEnt S1s.
Oppositely charged amino acids at S1 positions corresponding to CalEnt aa 139 and 140 are rare
among IBV S1 aa sequences, present in only 2.9% of IBV S1 aa sequences in GenBank. Most of
those have the opposite configuration as CalEnt S1; they have basic amino acid lysine at position
139 and positively charged glutamic acid at position 140. However, structural models of these S1
proteins do not show interaction of aas 139 and 140, and the path of the loop containing them
follows a path similar to that of Cal99 S1 (not shown). Only 0.44% of IBV sequences in GenBank
have an acidic aa (glutamic acid) at 139, a basic amino acid (lysine of histidine) at 140, and an
uncharged aa (glycine) at 141, like CalEnt S1. The pathway of the loop containing these aas in
structural models of S1 proteins is similar or identical to that of CalEnt S1. The models shown in

Fig. 1B-E were generated by SWISS-MODEL. Models generated by I-TASSER also showed a
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different structure of this loop between CalEnt and Cal99, and proximity of charged side chains of
amino acids 139 and 140 in CalEnt S1 and those of amino acids 139 and 141 in Cal99 S1 (not

shown).

3.2 Differences in binding of CalEnt and Cal99 recombinant S1 proteins to chicken tissues
To determine whether the attachment specificity of the S1 protein of IBV CalEnt reflects
the unusual tropism of CalEnt, we used spike histochemistry to compare binding of trimeric CalEnt
and Cal99 recombinant S1 proteins to relevant chicken tissues (Fig. 4.2). Consistent with its
respiratory tropism, Cal99 S1 protein bound to the apical surface and cilia of the tracheal
epithelium Fig. 4.2A. However, binding to tracheal epithelium by CalEnt S1 protein was not
detected (Fig. 4.2B) even when a five times higher concentration of CalEnt S1 protein was used
(not shown). Cal99 S1 bound to the inner epithelium of duodenum (Fig. 4.2C), but no binding to
jejunum or ileum was detected (Fig. 4.2E and 4.2G). A few foci of binding to cecal tonsil
epithelium (Fig. 4.21) and more extensive binding to cloacal epithelium and glands (Fig. 4.2K) by
Cal99 S1 were observed. Contrary to expectation, no detectable binding to duodenum (Fig. 4.2D),
jejunum (Fig. 4.2F), ileum (Fig. 4.2H), or cecal tonsil (Fig. 4.2J) was seen for the S1 of the CalEnt
variant, not even when the concentration of S1 protein was increased five times (not shown).
However, binding of CalEnt S1 to epithelium and glands of cloaca was observed (Fig. 4.2L),
although less than that by Cal99 S1. Cal99 S1 also bound to the epithelium of renal tubules (Fig.
4.2M), but CalEnt S1 did not (Fig. 4.2N). Consistent with the inability to detect or recover the
CalEnt virus from CAM or allantoic fluid during virus isolation in embryos (13), CalEnt S1 protein
did not show any binding to CAM from 11 day old embryos (Fig. 4.2P), while Cal 99 S1 did bind

to the allantoic epithelium (Fig. 4.20).
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3.3. Differences in binding of CalEnt and Cal99 recombinant S1-NTDs to chicken tissues
Enteric avian coronavirus S1 proteins have a glycan binding specificity distinct from that
of IBV S1 protein and bind only to intestinal tissues (159). Promkuntod, et al. (78) showed that
the S1I-NTD (aa 19-272) of IBV MA41 was necessary and sufficient for alpha-2,3 sialic acid-
dependent binding to chicken respiratory tract, indicating that the protein histochemistry assay
depends on the glycan-binding specificity of the S1-NTD. We previously confirmed that the S1-
NTD (aa 19-279) of Ark serotype S1 was necessary and sufficient for binding and also found that
it showed increased binding to all relevant chicken tissues compared to full length S1 (30). These
observations led us to consider the possibility that results of protein histochemistry binding assays
using the S1-NTD of CalEnt would better reflect its broadened tropism. Therefore we compared
binding of CalEnt and Cal99 S1-NTDs (aa 19-279) to trachea, intestinal tissues, kidney, and CAM
(Fig. 4.3). In contrast to results expected, Cal99 S1-NTD bound extremely well to epithelial cells
in all intestinal tissues tested (Figs. 4.3C, 4.3E, 4.3G, 4.3, 4.3K) in addition to trachea (Fig. 4.3A),
while CalEnt S1-NTD binding was not detectable to any intestinal tissues tested (Figs. 4.3D, 4.3F,
4.3H, 4.3J) except cloaca (Fig. 4.3L). Binding of CalEnt S1-NTD to cloaca, although clearly
detectable, was much less than that of Cal99 S1-NTD. Cal99 S1-NTD binding was reproducibly
detected to epithelium of duodenum and ileum collected from some chickens, but not others (not
shown). Like binding to trachea and intestinal tissues, Cal99 S1-NTD binding to kidney (Fig.
4.3M) and CAM (Fig. 4.30) was greater than that of Cal99 S1. Additionally, while Cal99 S1 was
observed to bind only to tubular epithelium in kidney tissue (Fig. 4.2M), Cal99 S1-NTD was
observed bound to both tubular epithelium and epithelial cells of the parietal and visceral layers of
the Bowman'’s capsules (Fig. 4.3M). In contrast, binding of CalEnt S1-NTD to neither kidney nor

CAM was detected (Figs. 4.3N and 4.3P). CalEnt S1-NTD binding to tracheal epithelium was
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quite evident when double the concentration of protein was used (Fig. 4.3B’), but at a much lower
level than Cal99 S1-NTD binding. However, CalEnt S1-NTD at twice the concentration did not
bind detectably to any of the other tissues tested (not shown). CalEnt S1-NTD binding to cloaca
at double concentration was not tested, because binding had already been demonstrated at the

standard concentration.

3.4. Effect of S2 ectodomain on CalEnt S1 binding to chicken tissues

Addition of the S2 ectodomain to recombinant Beaudette (70) or Ark (30) S1 proteins to
generate S-ectodomain enabled or improved binding to relevant tissues. These previous
observations suggested that spike histochemistry assays using CalEnt S-ectodomain might better
reflect its tropism. However, extension of recombinant CalEnt S1 with CalEnt S2 ectodomain did
not enable detectable binding to most tissues tested (not shown). Like CalEnt S1-NTD, binding of
CalEnt S-ectodomain was detectable only to cloaca. However, the binding pattern of CalEnt S-
ectodomain to cloaca differed somewhat from that of CalEnt S1-NTD. Whereas CalEnt S1-NTD
bound to both cloacal secretory cells and apical surface of the epithelium (Fig. 3L), CalEnt S-

ectodomain binding was restricted to secretory cells (Fig. 4.4).

3.5. Recombination within CalEnt S gene

After finding that the enteric tropism of CalEnt IBV could not be explained by the tissue
binding specificity of its spike protein as demonstrated in protein histochemistry assays, even when
the S2 ectodomain was included, we considered the possibility that properties of the S2 subunit of
the CalEnt S protein might contribute to the tropism of the CalEnt virus by affecting functions of
the S protein subsequent to attachment. While CalEnt and Cal99 mature S1 subunits have 93% aa

sequence identity, their S2 subunits have only 85% aa sequence identity, an unexpected
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observation because IBV S2 subunits are generally more conserved than S1 subunits (11). This
observation led us to suspect recombination between the S1 and S2 coding regions of the CalEnt
S gene. To identify potential origins of the CalEnt S2-coding sequence, a BLAST search of
GenBank sequences was conducted with the CalEnt S2-coding sequence. Results indicated that
the CalEnt S2 coding region nucleotide sequence was most similar (92% nucleotide identity) to
S2 nucleotide sequences of four IBV isolates collected in Malaysia during 2014 and 2015
(1IBS037A/2014, 1BS037B/2014, 1BS051/2014, 1BS180/2015; GenBank accession numbers
KU949737, KU949738, KU949739, KU949747) (165). Consistent with the similarity of S2
nucleotide sequences, phylogenetic analysis of the CalEnt S2 aa sequence and 576 IBV S2 amino
acid sequences by neighbor-joining with 1000 bootstrap replicates placed CalEnt S2 in a distinct
group along with S2 aa sequences of those four Malaysian IBV isolates, plus one more isolate
from Malaysia collected in 2004 (isolate VV9/04; Genbank accession # FJ518782), with strong
bootstrap support (93%) (not shown). Consistent with the possibility of recombination,
phylogenetic analysis of the CalEnt S1 aa sequence and GenBank IBV S1 aa sequences did not
group CalEnt with the Malaysian IBV isolates. Recombination analysis identified a putative
recombination event between Cal99 and Malaysian 1BV isolate IBS180/2015 genomes with the
breakpoint at nucleotide position 1375 (99% confidence interval nucleotides 1286-1381), with
96.6% nucleotide identity between Cal99 and CalEnt S gene sequences preceding the breakpoint
and 90.6% nucleotide identity between 1BS180/2015 and CalEnt S gene sequences following the
breakpoint (Fig. 4.5). This putative recombination event was identified by all seven recombination
detection programs used, with Bonferroni-corrected P values each <5x10*. The breakpoint

identified corresponds to codon 459 (99% confidence interval codons 429-461), consistent with
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the high density of amino acid differences between CalEnt and Cal99 following aa 459 in SD1”

and SD2” portions of S1 (Fig. 4.1).

3.6. Unique sequence of CalEnt putative S2’ protease recognition sequence

Alignment of CalEnt and 1BS180/2015 S2 aa sequences revealed aa acid differences
concentrated near the amino-terminal and carboxyl-terminal regions of the S2 ectodomain (Fig
4.6). Slightly over half (55%) are non-conservative differences. Of particular note is a cluster of
four non-conservative aa differences immediately preceding the putative S2’ cleavage site and
fusion peptide. These four aa substitutions in CalEnt, along with the substitutions found in the two
preceding positions in both CalEnt and IBS180/2015 S2, are rare; they are each found at the
corresponding positions in < 5% of IBV S2 aa sequences in GenBank (Fig. 4.7B). The last of these
aa, glycine at aa position 695, and the exact aa sequence of CalEnt S2 at aa positions 689-694 are
found exclusively in CalEnt S2 among IBV S protein sequences in GenBank. In the predicted
structure of CalEnt S2, this unique 7 aa sequence (aa 689-695) is found in an exposed loop (Fig.
4.7A). A striking feature of the sequence of this loop in CalEnt S protein compared to other IBVs
is the presence only one proline, in the first position. Most other IBV S sequences in GenBank,
including IBS180/2015, have two or three prolines in this loop (Figs. 4.7C and 4.7D), usually in
positions 2, 3, and 6 (Figs. 4.7C and 4.7D). The reduced number of prolines in CalEnt S2 would
be expected to increase the flexibility of this loop (166, 167, 168), with unknown consequences
for its function.

Among the few IBV S2 sequences having only one proline in the region corresponding to
the unique sequence in CalEnt S2 are those of Beaudette strains, with its single proline at position

3. The basic aa arginine replaces the highly-conserved proline at position 6. Two additional aa
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substitutions surrounding the S2’ cleavage site allow Beaudette S2 to be cleaved by furin, resulting
in Beaudette’s broadened tropism to include mammalian cell lines (91). To explore the possibility
that the unique sequence in CalEnt S2 might contribute to CalEnt’s broadened tropism, we
examined CalEnt, Cal99, and IBS180/2015 S2 aa sequences for potential protease cleavage sites.
In addition to the conserved putative S2’ trypsin or other serine protease cleavage site (90)
indicated by thick arrows in Figs. 4.7B, 4.7C, and 4.7D, additional sites predicted to be cleaved by
digestive enzymes pepsin and chymotrypsin and by the endosomal protease Cathepsin K were

found in this region only in the CalEnt S2 sequence (Fig. 4.7B).

4. DISCUSSION

An unusual enterotropic IBV isolate CalEnt was detected in the intestines of a California broiler
flock and recovered from embryonic intestine during virus isolation. However, upon experimental
inoculation into SFP chickens the virus also caused mild respiratory symptoms (13). These
findings suggested that the virus had gained extended enteric tropism while retaining respiratory
tropism to some extent. In this study, we examined the possibility that the extended tropism of
IBV CalEnt was due to an increased ability of its S1 protein to bind to intestinal tissues. Since
CalEnt S1 showed the highest amino acid identity among IBV S protein sequences in GenBank to
the S1 of California variant Cal99, a typical respiratory 1BV, we compared binding of CalEnt and
Cal99 S1 to relevant chicken tissues.

Previous studies in experimentally infected chickens with different IBV isolates indicated
that the viruses could be recovered from many different parts of the alimentary tract (24, 109, 110).
Consistent with these studies, our finding of binding of Cal99 S1 to trachea and some enteric

tissues (duodenum, cecal tonsils) was expected, even though infection with this virus did not
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produce any noticeable enteric symptoms in experimentally inoculated chickens (169). Contrary
to expectations, no detectable binding of CalEnt S1 to any enteric tissues was observed. In addition,
CalEnt S1 did not bind to trachea. Decreased binding ability of CalEnt S1 to tracheal epithelium
compared to Cal99 S1 might have been due to the predicted structural difference near the putative
sugar-binding site and/or additional potential structural differences not identified by structural
modeling based on the same known IBV S1 structure.

The NTD of S1 or the full length S-ectodomain of other IBV types (Ark, Mass) shows
improvement over S1 in the attachment to chicken tissues in protein binding assays (30, 70, 150).
Therefore we also tested binding of CalEnt S1-NTD and S1-ectodomain to intestinal tissues. We
found that Cal99 S1-NTD also showed improved binding compared to whole S1 to all tissues
tested, as expected. However, neither the S1-NTD nor the S-ectodomain of CalEnt altered the
scenario of no binding to any intestinal tissues. In contrast, CalEnt S1-NTD did bind to tracheal
epithelium, but only when used at twice the standard concentration, indicating that it bound with
a lower affinity compared to Cal99 S1-NTD. Poor binding of CalEnt S1-NTD to tracheal
epithelium is consistent with the finding that CalEnt infection resulted in mild respiratory
symptoms in chickens after experimental inoculation (13), which had suggested that the virus had
not lost its respiratory tropism. In addition, lack of binding of CalEnt S-ectodomain and S1-NTD
to CAM explained the fact that virus could not be detected in CAM or allantoic fluid during virus
isolation attempts (13). Although the virus could replicate in embryo intestine (13), we did not
test binding of CalEnt S-NTD to embryonic intestine.

Although the IBV S1-NTD is necessary and sufficient for binding to carbohydrate
receptors on respiratory epithelium in the protein histochemistry assay we used (78), Shang, et al.

(52), demonstrated that the IBV S1-CTD could bind to live cells. The CryoEM structure of trimeric
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IBV S protein shows that S1-CTD contains two extended loops on the core structure that were
designated as putative receptor-binding motifs, assumed to interact with a yet-to-be-identified
protein receptor/co-receptor (52). One of the non-conservative substitutions in the CalEnt S1-CTD
compared to Cal99 (glutamic acid to glutamine at aa 284) is within one of those motifs. Glutamine
(a polar, uncharged aa) at the corresponding aa position is found in only 4.5% of over 900 IBV S1
aa sequences retrieved from GenBank. Other IBV S1s have either the charged aa glutamic acid
(50%) or non-polar aa leucine (45%) at the corresponding position. However, because receptor
binding by the S1-CTD is not detected by the assay we used, we could not determine the effect of
this aa substitution or any of the other aa substitutions in CalEnt’s S1-CTD on binding to intestinal
epithelial cells. Thus, our finding that CalEnt S1 protein does not bind to intestinal epithelium
might be due to this limitation of the protein histochemistry assay. It remains possible that poor
binding of CalEnt S1-NTD to carbohydrate receptors on intestinal epithelium is balanced by
improved interaction of CalEnt S1-CTD with other receptors or co-receptors on intestinal
epithelial cells.

Binding properties of S1 proteins are not the only determinant of tropism. Mork, et al.
(170) found that although recombinant S1 protein from the nephropathogenic IBV strain B1648
and an IBV QX strain associated with reproductive disease in addition to kidney disease each
bound well to primary oviduct epithelial cells, only the QX strain infected those cells. Apparently
infection of oviduct epithelial cells was limited at a step subsequent to the initial attachment
detected by their binding assay. This provides an example converse to that of CalEnt, where we
found that binding by S1 to intestinal epithelium was not detected, yet infection of epithelial cells
resulting in tissue damage occurs in vivo (13). In the case of CalEnt, it is possible that poor binding

by S1 is compensated in intestinal epithelial cells at a later step in infection. One such potential
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step is activation of the S2 protein for membrane fusion required for viral entry by cleavage at a
site designated S2’ (90). The extended host tropism of the extensively laboratory-passaged 1BV
Beaudette strain for mammalian cell lines is due to the presence of a furin cleavage site at its S2’
site (68, 91). CalEnt S2 has a unique amino acid sequence at its S2’ site not found in any other
IBV S protein sequence in GenBank. This unique sequence includes predicted recognition sites
for digestive enzymes pepsin and chymotrypsin, and an endosomal protease Cathepsin K. The
tissue distribution of Cathepsin K in chickens is not known. However, activation of CalEnt S2
protein for viral entry by host enzymes in the digestive tract might facilitate viral entry into
intestinal epithelial cells, overcoming poor viral attachment.

We performed recombination analysis of the complete S gene of the CalEnt isolate to
elucidate the possible source/origin of the virus. A predicted recombination event was accepted by
all seven algorithms tested, where a California strain (Cal99-like) donated most of the sequences
encoding S1 and a strain similar to Malaysian isolate IBS180/2015 contributed the rest of the S
gene, including its S2-coding portion. The information available about the Malaysian isolates with
S2 sequences most similar to CalEnt indicates that one of them was isolated from a layer flock
with a clinical history of respiratory disease (171). The GenBank entries of four of them indicate
that the isolates are nephropathogenic, but the published paper only indicates swollen kidneys in
association with one of the isolates (165). Recombination analysis of the full genome sequence of
CalEnt should be done to reveal evidence of other potential recombination events that might have
occurred outside of the S gene. Interestingly, the two putative parental strains identified were
isolated from two widely separated geographical locations. In addition, the putative recombinant
CalEnt was isolated from the region from where one of the putative parental strains was isolated

and is still predominant in that region. This might hint that at the time CalEnt was isolated (2012),
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the recombination event had happened recently, in California. The unique sequence at the S2’
cleavage site apparently evolved after the recombination event and perhaps facilitated the ability
of the virus to infect and damage intestinal epithelium. Selective pressure might increase the poor
binding affinity of CalEnt S1 for intestinal epithelium as has been observed in the case of the S1
protein of the enterotropic Guinea fowl coronavirus within a three-year period in France (172).
Thus enteric IBV strains have the potential to become more prevalent in California if appropriate
selective pressure is present.

In this study, we first tried to discover the basis of the unusual enteric tropism of CalEnt
IBV at the stage of virus attachment to carbohydrate receptors mediated by the S1 protein.
However, the spike protein binding assay did not reflect the tissue tropism. This assay could not
rule out a possible role for the S1-CTD in interacting with a yet-to-be-identified receptor or co-
receptor, which remained undetected in our protein binding assay. Another possible basis of
CalEnt’s unique tropism is the presence of a unique sequence within the S2’ cleavage site of S2
which has the potential to affect tissue tropism at the stage of viral entry. Further study is needed

to uncover the role of this unique sequence in tissue tropism.
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Fig. 4.1. Comparison of aa sequences and predicted structures of IBV CalEnt and Cal99 S1
proteins. (A) CLUSTALW aa sequence alignment of CalEnt and Cal99 (GenBank accession #

AAS00080.1) S1 proteins. Aa differences are highlighted in black. Non-conservative aa
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differences are indicated by asterisks above each line of the alignment. Most of the differences are
non-conservative (29/38 = 76%). The codon within which recombination analyses predicts a
recombination event is indicated by an R above the aligned sequences. The extent of each of the
S1 subdomains as defined by (52) is indicated below each line of the alignments. SD1' and SD1"
together form SD1. Likewise SD2' and SD2" form SD2. The last S1 aa included in recombinant
S1-NTD proteins (aa 279) is indicated by a + above the alignment. (B) Alignment of predicted
structures of S1 proteins from Cal99 and CalEnt variants. Predicted structures of S1 monomer
within the S trimer were generated by SWISS-MODEL based on the known structure of IBV M41
trimeric S. Ribbon models of Cal99 (cyan) and CalEnt (yellow) S1 proteins are overlaid. S1-NTD,
S1-CTD, SD1, and SD2 and other structural features identified by (52) are labeled. * indicates
putative sugar-binding site, protected by a partial ceiling (52). Putative receptor-binding motifs
identified by (52) are based on location of receptor-binding motifs in other coronavirus S1-CTDs.
The box around one side of the partial celling indicates the region shown in panels C-E, where the
predicted structures of Cal99 and CalEnt proteins differ somewhat. (C) Enlarged view of the boxed
region in (B), showing the different predicted pathways of the amino acid backbone in this region
of Call99 (cyan) and CalEnt (yellow) S1 proteins. In (D) and (E) ball and stick models of aa side
chains at positions 139 -141 have been added. Cal99 and CalEnt S1 differ at aa positions 139 and
141. The side chain of the lysine (K) at aa position 140 is predicted to be oriented differently in
Cal99 and CalEnt S1. Ball and stick aa side chain models and the aa labels are colored according

to side chain chemical properties: red, acidic; blue, basic; white, non-polar.
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Fig. 4.2. Protein histochemistry demonstrating recombinant S1 proteins of IBV Cal99 and CalEnt
variants binding to chicken tissues. Purified Strep-tag Il-tagged trimeric recombinant S1 proteins
(100 pg/ml) were bound to formalin fixed chicken tissues and AEC* chromogenic substrate was
used to identify bound spike protein as indicated by red staining (arrows). In the left panels
recombinant S1 was from the Cal99 variant. In the right panels, the recombinant S1 was from

CalEnt enteric variant. S1 protein histochemistry is shown in trachea (A and B), duodenum (C and
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D), jejunum (E and F), ileum (G and H), cecal tonsil (I and J), cloaca (K and L), kidney (M and

N), CAM (O and P). CAM=chorioallantoic membrane.
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Fig. 4.3. Protein histochemistry demonstrating recombinant S1-NTD of IBV Cal99 and CalEnt
variants binding to chicken tissues. Purified trimeric Strep-tag Il-tagged recombinant S1-NTDs
(54 pg/ml) were bound to formalin fixed chicken tissues and AEC* chromogenic substrate was

used to identify bound proteins as indicated by red staining (arrows). In the left panels recombinant
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S1-NTD was from the Cal99 variant. In the right panels, the recombinant S1 was from CalEnt
enteric variant. S1-NTD protein histochemistry is shown in trachea (A and B), duodenum (C and
D), jejunum (E and F), ileum (G and H), cecal tonsil (I and J), cloaca (K and L), kidney (M and
N), CAM (O and P). CAM=chorioallantoic membrane. (B’) Protein histochemistry using 108

pg/ml CalEnt S1-NTD protein and trachea.

Fig. 4.4. Protein histochemistry demonstrating recombinant S-ectodomain protein of IBV CalEnt
variant binding to cloaca. Purified trimeric Strep-tag Il-tagged recombinant S-ectodomain (50
pg/ml) was bound to formalin fixed chicken choana and AEC* chromogenic substrate was used to

identify bound proteins as indicated by red staining (arrows).
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Fig. 4.5. RDP analysis showing recombination between Malaysian IBV isolate 1BS180/2015
(Genbank accession #KU949747; major parent) and Cal99 (minor parent) producing the CalEnt S
gene. The Y-axis shows percentage nucleotide identity for the indicated sequence pairs against the
position in the alignment on the X axis. The short vertical lines at the top indicate positions of
variability. Grey shaded area shows the 99% confidence interval for putative recombination break
point at nucleotide position 1375 (marked by pink line). Bonferroni-corrected P values for each of

the seven recombination detection programs for this recombination event were each <5x107%4,
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CalEnt 545 STSENVTRICPYVSYG 559
1B5188/2015 541 SISENVT[RCPYVSYG 555
CalEnt 568 IEFDGSLEMIVPIELEQFVAPLLNVTERVLIPDSFNLTVTDEYIQTRMDKVQINCLQYVCGNSLIECRKLFLQYGPVC 639
1B5188/2015 556 IEFDGSLKYIVPREELFOFVAPLLNVTEYVLIPDSFNLTVTDEYIQTRMDEKVQINCLOYVCGNSL RKLFEQYGPUC 635
: A% EE L
CalEnt 640 DNILSVVNSVGOKEDMELLSFYSSTKPAGYNYPIFNNLTTGAFNVSLLLPQSGSLGGRSFVEDLLFTSVETVGLPTDAEY 719
1IBS180/2015 636 DNILSVVNSVGQKEDMELLSFYSSTKPAGYNQPIFNNLTTGAFNVSLLLPOGRSERGRSFVEDLLFTSVETVGLPTDAEY 715
<-FP->
CalEnt 720 KKCTAGPLGTLKDLICAREYNGLLVLPPIITADMOTHYTASLVGAMAFGGITSAAANPFATQIQARINHLGITQSLLHEN 799
IB5180/20815 716 KKCTAGPLGTLKDLICAREYNGLLVLPPIITADMQTHYTASLVGAMAFGGITSARANPFATQIQARINHLGITQSLLHKN 795
CalEnt 880 QEKIAASFNKAIGHMQEGFRSTSLALQQIQDVVNKQSAILTETHQSLNKNFGAISSVIQEIYQALDTIQARAQVDRIITG 879
1B5188/2015 796 ﬂEKIHASFNKAIGHHQEGFRSTSL&LQQIQD?HHKQSHILTETHQSLHKNFGhISSUIQEIYQQLDTIQ QVDR MITG 875
L R R R L L heptad repeat le-sresececscrererererens -
CalEnt 880 RLSSLSVLASAKQSEYLKVSQQRELATOKINECVKSQSTRES FCOGNGEHVLTIPQNAPNGIVFVHFTYTPQTFVNVTAIV 959

IB518@8/2815 4876 RLSSLSVLHSAKQSEYLKUSQQRELﬁTQKIHECVKSQST SFCONGEHVLTIPONAPNGIVFVHFTYTPQTFVYNVTAIV 955
=central heliX========ccscee====

CalEnt 968 GFCVIIPANASQYAIVPANGRGIFIQVNGTYYITSROMYMPROITSGONOVTLTSCQUNYVSVNKTVITTFVEDDDFOFQDE 1839
IB5186/20815 956 GFCVPANASQYAIVPANGRGIFIQVNGTYYITSRDMYHMPRDITSGDMVTLTSCOY YVSVNKTVITTFVEDDDFDF E 1835

Ll Ll ® L
CalEnt 1848 LSKWWNSTKHEGPDFDREFNYT P HIT?EIDHI I LNDSLI ULSILKTYIKWPWYVWLAIFFAITIFGLILG 1118
IB5188/2815 1836 LSKWWNETKHEMPDFDEFNYT s G LNDSLI LSILKTYIKHPH?VNL&IIFhIIIF LILG 1115

......... heptad repeat 2...---------------- f======transmembrane domain-
CalEnt 1120 WVFFMTGCCGCCCGCFGITPLMSKCGEKSSYYTTFDNDYWTEQYRPEKSY 1169
IB5188/2815 1116 WVFFMTGCCGCCCGCFGIIPLMSKCGKKSSYYTTFDNDVWTEQYRPKKSY 1165

----- Plemmmmemeemn==Cytoplasmic tailemmeeeccanaaas

Fig. 4.6. Comparison of amino acid sequences of IBV CalEnt and Malaysian isolate IBS180/2015
S2 (GenBank accession number KU949747) proteins. A CLUSTALW amino acid sequence
alignment is shown. Amino acid differences are highlighted in black or yellow. Non-conservative
aa differences are indicated by asterisks above each line of the alignment; 55% (22/40) differences
are non-conservative. The extent of IBV S2 subdomains as defined by Millet and Whittaker (90)
(FP=fusion peptide), Shang, et al. (52) (heptad repeats, central helix, and transmembrane domain),
and Lontok, et al. (173) (cytoplasmic tail) is indicated below each line of the alignments. The
vertical arrow above the aligned sequences indicates the putative S2° cleavage site (90). Cyan

highlighting indicates rare (<5% of sequences in GenBank) non-conservative aa substitutions in
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both Cal Ent and IBS180/2015. Yellow highlighting indicates rare (<5% of sequences in GenBank)

non-conservative aa substitutions in CalEnt. Conservative rare aa substitutions are not marked.
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Fig 4.7. Unique amino acid sequence present in CalEnt S2 near putative S2’ cleavage site.

(A) Predicted structure of CalEnt S2 monomer (based on known structure of M41 S trimer).

Ribbon model is overlaid with space-filling model. Portion of CalEntS2 with unique aa sequence
is indicated in yellow. Putative S2’ cleavage site is between Arg (cyan) and Ser (green), which are
indicated by ball and stick models. (B-D) Comparison of putative S2’ recognition sequences of
CalEnt (B), IBV consensus (C), and Malaysian IBV isolates with S2 sequences most similar to
CalEnt. Amino acids numbered 1-7 are those indicated in yellow in panel (A). Flanking sequences

of CalEnt S2 matching the consensus are included at each end. Amino acids are colored according
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to their chemical properties: polar amino acids (G,S,T,Y,C,) are green, polar amino acids with
amido groups (N,Q) magenta, basic (K,R,H) blue, acidic (D,E) red and hydrophobic
(AV,L,I,P,W,F,M) amino acids are black. The thick black arrows above each sequence indicate
the putative S2’ trypsin or other serine protease cleavage site (90). Thin arrows above the CalEnt
aa sequence in B and the Malaysian IBV aa sequence in D indicate predicted endosomal protease
cleavage sites and digestive enzyme cleavage sites predicted by PROSPER and PeptideCutter.
CaK = Cathepsin K, P = pepsin, Ch = chymotrypsin, T = trypsin. Rare amino acids at each position
in the CalEnt and Malaysian IBV sequences are underlined. The frequency among 585 IBV S2 aa
sequences in GenBank of the rare amino acids observed in the CalEnt sequence are indicated below
the CalEnt sequence. The consensus logo in (C) was generated from 576 S2 sequences from S

genes most closely related to CalEnt S using the WebLogo server at https://weblogo.berkeley.edu.
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Early Vaccination of Chickens Induces Suboptimal Immunity against
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SUMMARY. Infectious bronchitis virus (IBV) is highly prevalent in broiler chickens despite

extensive vaccination commonly conducted early after hatch. The effects of early vaccination on
immune responses were further investigated in chickens primed at increasing ages followed by
booster vaccination with an attenuated Arkansas-Delmarva Poultry Industry (ArkDPI)-type
vaccine. Results show that vaccination on day one of age elicits significantly lower systemic and
mucosal antibody responses compared to vaccination at later time points in the life of the chicken.
The increase of IBV antibodies in serum from secondary responses after booster vaccination was
more dramatic and significantly higher when measured by an Ark-S1 protein enzyme linked
immunosorbent assay (ELISA) compared to measuring by non-Ark serotype whole virus ELISA,
which underlines the immunogenic importance of the virus’ spike at inducing antibodies.
However, the levels achieved following boosting did not differ significantly between ages of
priming. Thus, it seems that the booster vaccination mitigated the differences detected after prime
immunization. In contrast to the continued rising of systemic antibodies after booster vaccination,
the levels of mucosal IBV-specific IgA decreased after booster vaccination. The
recruitment/expansion of CD4", CD8", and CD4*/CD8" T cell populations in different immune
effector sites was increased with age, however remained unaltered by IBV vaccination. In contrast,
peripheral blood CD4" cells showed a significant increase in IBV-vaccinated chickens compared
to non-vaccinated age-matched controls both after primary and booster immunization. The results
of the current study confirm that IBV vaccination on the day of hatch induces suboptimal 1BV
immune responses both in the systemic and mucosal compartments. This routine practice may be
contributing to the virus’ immunological escape and increased persistence of vaccine virus in

vaccinated chickens. However, booster vaccination seems to overcome poor initial responses.
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1. INTRODUCTION

Avian infectious bronchitis (IB) virus (IBV), belonging to the genus Gammacoronavirus,
continues to cause important economic losses worldwide. IB outbreaks occur despite extensive
vaccination with attenuated vaccines covering multiple serotypes that do not induce cross-
protection (11). In addition to lack of cross-protection among prevalent and emerging serotypes,
another reason for suboptimal vaccine protection may be that chickens are routinely vaccinated on
day of hatch. Accumulating evidence indicates that newly hatched chickens exhibit immature
innate and adaptive immune responses (e.g. (174, 175, 176, 177, 178)). Both structural and
functional maturation of the mucosa-associated lymphoid tissues are important for effective
administration of respiratory virus vaccines and defense against mucosal respiratory pathogens.
Although random lymphocyte clusters in conjunctiva associated lymphoid tissue (CALT) have
been detected at one week of age, germinal centers and plasma cells appear around four weeks
after hatching. Cluster of differentiation (CD)4*, CD8", and B-lymphocytes in the CALT have
been shown by in situ immunohistochemistry to increase in number as chickens developed from
one to four weeks of age. In addition, the numbers of CD4" T cells in the Harderian gland (HG),
are also increased in four-week- compared to one-week-old chickens (131). Previous work also
suggests that early vaccination might limit the immune repertoire and induce reduced mucosal and
systemic immune responses. Indeed, chickens primed at day one of age showed lower IBV-
specific IgA and 1gG levels in both tear fluid and sera compared to chickens vaccinated on days 7,
14, 21 or 28 of age (22). In addition, birds vaccinated later showed a lesser extent of clinical signs
and lesions upon challenge with an IBV field strain compared to birds vaccinated on day of hatch,

indicating better protection as a result of vaccination at later ages (22). The current study was
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aimed at further understanding the association between age of IBV vaccination and optimum
immune responses. Chickens were vaccinated at increasing ages and IBV-specific mucosal and
systemic antibody responses against whole virus or a recombinant S1 protein were determined.
Furthermore, relative frequency of T and B cells in different immune effector sites was determined

after primary and booster immunization.

2. MATERIALS AND METHODS

2.1. Chickens

White leghorn chickens were hatched from specific-pathogen-free eggs (Charles River,
North Franklin, CT) 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 use guidelines. Auburn University College of Veterinary Medicine
is an Association for Assessment and Accreditation of Laboratory Animal Care-accredited

institution.

2.2. Vaccination

Chickens were vaccinated ocularly (priming and boosting) with 3x10° 50% embryo
infectious doses (E1Dso) of a commercially available live attenuated Ark-DPI-type IBV vaccine in
a volume of 100 ul. This dose, approximately 100-fold higher than recommended by the
manufacturer, is the same vaccine dose used in earlier work demonstrating increased protection as

a result of vaccination at later ages (22).
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2.3. Experiment 1

Chickens were divided into five groups (n=15/group) and vaccinated (primed) at 1, 7, 14,
21 or 28 days of age. An additional group served as unvaccinated controls. Two weeks after
priming chickens were boosted. Lachrymal fluids(151) and sera were collected two weeks after
priming and two weeks after boosting for antibody determination by ELISA (described below).
Three weeks after boosting nine chickens of each group were euthanized and HGs, cecal tonsils
(CT) and spleens collected and placed in complete RPMI medium. Flow cytometry to evaluate T
cell populations was conducted on three pools of cells from each organ from vaccinated chickens

and a pool of cells from each organ of three unvaccinated age-matched control chickens.

2.3.1. IBV ELISA

Individual serum and tear samples were tested using a conventional commercially available
IBV ELISA kit, which utilizes whole non-Arkansas (Ark) serotype virus as antigen (IDEXX
Laboratories, Inc., Westbrook, ME). Sera were diluted 1:500 in accordance with the manufacturer's
recommendations while tear samples were diluted 1:100. Serum antibody levels were expressed
as sample/positive (S/P) ratios, and ratios above 0.2 were considered positive in accordance with
kit instructions. IBV-specific IgA levels in tears were determined using horseradish peroxidase-
conjugated polyclonal goat—anti-chicken IgA antibodies (Southern Biotechnology Associates Inc.,
Birmingham, AL) instead of the secondary antibody in the kit and tetramethylbenzidine substrate
(Invitrogen, Frederick, MD). Absorbance was measured at 450 nm. Data were analyzed using
GraphPad Prism5 software (GraphPad Software Inc., San Diego, CA) by tests indicated in the
figure legends. Antibody levels were considered significantly different among groups at P<0.05.

To determine if age of priming had an effect on magnitude of increase of antibodies upon boosting,
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linear regression analysis of the logio of the fold difference in S/P ratios and OD after boosting

compared to after priming versus age of prime vaccination was conducted.

2.3.2. Recombinant S1 protein ELISA

The S1 subunit of the spike (S) protein is the most variable protein among IBV (54) and
responsible for the induction of neutralizing antibodies (179). In order to measure Ark S1-specific
antibodies in sera and IgA in tears, an Sl-specific ELISA was developed. Soluble trimeric
recombinant S1 protein was produced in human embryonic kidney (HEK)-293T cells as described
(76, 140). In brief, an expression vector encoding a codon-optimized S1 gene of isolate
AL/4614/98 (GenBank accession #DQ458217), an Ark-serotype IBV (59), was transfected into
HEK?293T cells and recombinant S1 protein purified from tissue culture supernatants six days post-
transfection using Strep-Tactin® Sepharose columns according to the manufacturer’s instructions
(IBA GmbH, Gottingen, Germany). The concentration of purified protein was determined by
Qubit® 2.0 fluorometer (Invitrogen, Carlsbad, CA). The purified S1 protein was visualized by
electrophoresis in Mini-PROTEAN®TGX Stain-Free™ Precast Gels (Bio-Rad, Hercules, CA).
ELISA plates (Nunc MaxiSorp™, San Diego, CA) were coated with 100 pul of phosphate buffered
saline (PBS) containing 0.25 pg/ml of recombinant S1 protein per well during incubation at 4 C
overnight. Wells were blocked for 1 hour at room temperature with 200 pl/well of PBS containing
1% bovine serum albumin and 0.05% Tween 20. Individual chicken sera and tear samples diluted
1:100 in PBS were incubated in the wells for 30 min at room temperature. Relative levels of anti-
S1 antibodies in serum were determined using reagents of a commercial ELISA kit (IDEXX
Laboratories, Inc., Westbrook, ME) and relative anti-S1 IgA levels in tears determined as

described above.
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2.3.3. Relative frequency of CD4* and CD8" T cells

CT, HG and spleen were minced with scissors and then forced through the stainless steel
sieve provided in the Sigma cell dissociation sieve - tissue grinder kit with the glass pestle also
provided in the kit. Live mononuclear cells were then isolated by density centrifugation over a
Histopaque density gradient (1.077 g/ml) (Sigma). Cells were then collected and live cells counted
using trypan blue exclusion on a Bright-Line hemocytometer (Hausser Scientific, Horsham, PA)
(8). T cell population relative frequencies were determined by flow cytometry as previously
described with changes (8). Briefly, 1x10° cells total cells were stained with fluorescein
isothiocyanate (FITC)-conjugated mouse anti-chicken CD8b, or biotin-labeled mouse-anti-
chicken CD4 (Southern Biotech) and Alexa 660-conjugated streptavidin (Invitrogen). All washes
were performed with PBS containing 1% bovine serum albumin and 0.1% sodium azide at 4 C.
Unlabeled cells were used as negative controls. The washed cells were fixed in 1%
paraformaldehyde PBS overnight at 4 C. Cells were filtered through a 50-pm nylon mesh (Small
Parts Inc., Miami Lakes, FL) before analysis on an Accuri C6 flow cytometer. Live cells were
gated for lymphocytes and analyzed using CFlow Plus software. Results were expressed as percent
positive-stained lymphocytes. Data were analyzed by Student’s t-test or one-way analysis of
variance (ANOVA) followed by Tukey’s post-test. Differences were considered significant at P

<0.05.

2.4. Experiment 2
Cell responses (frequency of B cells and CD4", CD8", and CD4"CD8" cells) were
determined in peripheral blood and CT. Chickens were separated into four vaccinated groups

(n=12/group) and vaccinated on days 1, 7, 14, or 21 of age as described for experiment 1.

95



Additional aged-matched unvaccinated groups served as controls. Each vaccinated group was
further divided into two subgroups; a subgroup primed only (n=6), and a subgroup boosted two
weeks after priming (n=6). Blood samples (approximately 1 ml) were collected from the brachial
vein into EDTA-treated tubes 12 and 18 days after priming or boosting, and CT following
euthanasia 18 days after priming or boosting, for both T and B cell determinations in peripheral

blood mononuclear cells (PBMC) and CT.

2.4.1. Relative frequencies of T and B cells in PBMC

PBMC were isolated from blood by density centrifugation over a Histopaque density
gradient (1.077 g/ml) (Sigma). CD4+ and CD8+ T cell relative frequency was determined as
described above. For B cells, staining was conducted using phycoerythrin-conjugated mouse-anti-
chicken Bu-1 antibody (Southern Biotech). Further steps and data analysis were conducted as

described above.

3. RESULTS

3.1. Experiment 1
3.1.1. IBV antibody responses measured in serum

IBV antibody levels after prime vaccination measured using a commercial IBV ELISA kit
(whole virus non-Ark IBV) are shown in Fig. 5.1A. Antibody levels statistically significantly
higher than in unvaccinated control chickens were detected in all vaccinated groups (P<0.05).
However, lower antibody responses were detected in chickens vaccinated at earlier ages compared

to levels in chickens vaccinated later in life. Only one chicken vaccinated at 1 day of age achieved
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antibody levels considered “positive,” above the S/P ratio of 0.2. Only the chickens vaccinated at
28 days of age exhibited S/P ratios over 0.2 for all chickens in the group. Regression analysis of
the data, shown in Fig. 5.1B, demonstrated a highly significant positive correlation between level
of primary antibody response and increasing age of the birds at vaccination (P<0.0001).

The serum IBV antibody levels two weeks after booster vaccination of birds that were
primed on days 1, 7, 14, 21 or 28 are shown in Fig. 5.1C. Surprisingly, antibody levels increased
significantly after booster vaccination only in groups primed at 1 and 7 days of age. Interestingly,
a highly significant negative correlation was found between the magnitude of increase of serum
antibody levels following booster vaccination and increasing age of prime vaccination (P<0.0001).
Unlike the primary antibody response, antibody levels achieved after booster vaccination did not
differ significantly among the groups vaccinated at different ages except that birds that were
primed on day 1 of age still exhibited lower levels than those primed at 28 day of age. Consistent
with these findings, no correlation was found between antibody level and age of booster in
regression analyses (not shown). However, chickens primed at 28 days of age remained the only

group with “positive” IBV antibody S/P ratios in all chickens after boosting.

3.1.2. S1 antibody responses in sera

Fig. 5.2 shows specific serum antibody levels detected by the Ark S1 recombinant protein
ELISA. As seen in Fig. 5.2A, antibody levels in response to primary vaccination showed a trend
similar to antibody responses using the commercial IBV ELISA kit (with whole virus) (see Fig.
5.1A). Earlier vaccination, on days 1 and 7, resulted in significantly lower antibody levels (P<0.05)
than vaccination on days 14 and 21. A significant increase (P=0.0007) in antibody response with

increasing age at prime vaccination was demonstrated using linear regression analysis (Fig. 5.2B).
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Fig. 5.2C shows ArkS1-specific antibody levels in sera after booster immunization. Unlike
results obtained with the commercial (whole virus) ELISA, antibody levels increased in all groups
after booster vaccination. However, the magnitude of increase of antibody levels following booster
vaccination was less with increasing age of prime vaccination (P<0.0001), and no significant
differences in ArkS1 antibody levels achieved after boosting were detected among sera of chickens

primed at different ages.

3.2.3. IBV IgA levels in lacrimal fluids

IBV IgA levels determined in lacrimal fluids are shown in Fig. 5.3. The same pattern
shown by serum antibodies was observed, i.e., lower IBV-specific IgA levels were detected after
primary immunization in chickens vaccinated on day 1 compared to responses of chickens
vaccinated at later ages (Fig. 5.3A). The regression analysis shown in Fig. 5.3B demonstrates a
significant positive correlation of level of IBV-specific IgA antibody response with increasing age
of the birds at vaccination (P=0.0005).

Fig. 5.3C shows IBV-specific IgA levels detected in tears after booster vaccination of birds
that were primed on days 1, 7, 14, 21 or 28 of age. As was found for serum antibodies, boosting
eliminated most of the differences in IBV-specific IgA in tears observed after priming at different
ages. Following boosting, IBV-specific IgA levels in tears of chickens prime vaccinated at day 1
of age remained statistically significantly lower than those in chickens that were primed on day 14
or 28 of age. Unlike the rising antibody responses observed in sera after boosting, considerably
lower IBV-specific IgA levels in tears were detected after booster vaccination. The reduction of
the IgA antibodies in tears was significant (P<0.05) after booster vaccination of chickens that had

been primed on days 7, 21 and 28. Linear regression analysis indicated that the magnitude of
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reduction following booster vaccination increased with increasing age of prime vaccination

(P=0.0035). Indeed, chickens prime vaccinated one day 1 of age showed no reduction.

3.1.3. S1-specific IgA levels in lacrimal fluids

Fig. 5.4 shows IgA antibody levels in tears detected by ELISA using ArkS1 recombinant
protein. Prime vaccination on day 1 of age elicited significantly lower S1-specific IgA levels than
chickens vaccinated at later time points (Fig. 5.4A). Although no statistically significant
differences in tear ArkS1-specific IgA levels among birds primed at later time points were detected
when all data were analyzed together, linear regression analysis of S1-specific IgA levels in
chickens vaccinated on days 1, 7, and 14 days of age showed a significant positive correlation of
antibody responses with increasing age of vaccination (Fig. 5.4B; P=0.0010). As is clear from Fig.
5.4A, this correlation did not continue beyond 14 days of age. The apparent decline of S1-specific
IgA levels in tears with age of vaccination between 14 and 28 days of age was not significant;
linear regression analysis did not identify a significant negative correlation.

The S1 specific IgA response to booster vaccination is shown in Fig. 5.4C. No significant
differences in tear S1 IgA levels were detected among groups that were primed at different ages.
A comparison of IgA antibody level in tears after primary and secondary immune responses shows
a significant increase of IgA after booster vaccination only in chickens that were primed on day 1

of age.
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3.1.4. Age-of-vaccination-dependent correlations between IBV-specific and Sl-specific
antibodies

Levels of IBV-specific and S1-specific antibodies in sera were positively correlated both
post-prime vaccination and post-booster vaccination (Table 5.1). The degree of correlation of these
antibody levels post-prime vaccination increased with age of prime vaccination and was significant
only in chickens vaccinated at 14, 21, or 28 days of age. The highest degree of correlation was
observed in chickens vaccinated at 28 days of age (Fig. 5.5A). The degrees of correlation post-
booster vaccination remained low and not statistically significant regardless of age of vaccination
(e.g. Fig. 5.5B). Likewise, levels of IBV-specific IgA and S1-specific IgA in tears were positively
correlated. The degree of correlation of antibodies in tears increased with age of prime vaccination
both after prime vaccination and booster vaccination and was statistically significant following
prime vaccination in chickens vaccinated at 14, 21, and 28 days of age and after booster
vaccination of chickens first vaccinated at 21 and 28 days of age. The highest degrees of correlation
were observed in chickens first vaccinated at 28 days of age (Fig. 5.5 C,D). Although weak positive
correlations were observed between IBV antibody levels in sera and IBV-specific IgA tears and
between S1 antibody levels in sera and S1-specific IgA in tears, these correlations did not increase
with age of vaccination and were below the level of statistical significance with the exceptions of
IBV-specific antibodies post-booster vaccination in chickens first vaccinated at 7 days of age and

S1-specific antibodies post booster vaccination in chickens first vaccinated at 1 day of age.

3.1.5. T cell responses
Significantly greater proportions of CD4" cells in HG of chickens prime vaccinated at 1

day of age were detected following boost compared to age-matched control chickens (Fig. 5.6).
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No other significant differences were detected in proportions of CD8", CD4", or double positive
CD8*/CD4" cells in the HG, CT or spleen between vaccinated and boosted chickens and aged
matched unvaccinated controls (not shown). Regardless of vaccination status, significant positive
correlations were found between the proportions of CD8" and double positive CD8/CD4* T cells
in CT and spleen and increasing age (Fig. 5.7A-D). The significant increase in proportion of CD8"
T cells with age without a concomitant increase in the proportion of CD4" T cells (not shown) led
to an age-associated increase in CD8/CD4 ratios in CT and spleen (Fig. 5.7 E,F). CD8/CD4 ratios
were significantly higher in CT than in spleen at all ages tested except at 7 weeks, when the

difference did not reach statistical significance.

3.2. Experiment 2
3.2.1. T and B cell responses in peripheral blood

Few significant differences between vaccinated chickens and age-matched controls were
seen in B and T cell populations in PBMC and CT after prime or boost vaccination. CD4" cells
were significantly higher in PBMC of vaccinated chickens compared to age-matched controls after
prime vaccination and after boost vaccination in some of the groups primed at 1, 7, or 14 days of
age (Fig. 5.8A, B). Although CD4" cells in PBMC of chickens prime vaccinated between 1 and 21
days of age exhibited an increase with age of prime vaccination, CD4" cells also increased with
age in the unvaccinated controls. Thus, the magnitude of significant differences in proportion of
CD4" cells between vaccinated and unvaccinated chickens was similar for chickens prime
vaccinated at different ages, ranging from 1.2-1.4 fold. In CTs, the proportion of B cells in
vaccinated chickens was significantly greater than in unvaccinated controls only after boosting of

chickens prime vaccinated at 14 days of age (Fig. 5.8C). The increase in double positive

101



CD8'/CD4* T cells in CT with age observed in experiment 1 was also observed in experiment 2,

for both CT and PBMC (not shown).

4. DISCUSSION

Consistent with our findings, a study by Gelb et al., although not directed toward comparing
immune responses of chickens vaccinated at different ages, showed lower antibody responses in
both sera and tears in chickens vaccinated with IBV on day one of age versus chickens vaccinated
on day 14 of age (180). In a more directed study, van Ginkel et al showed that the concentration
of IBV-specific 1gG in plasma and lacrimal fluid increased significantly when IBV vaccination
was performed on day 14 instead of day one of age(22). First vaccination on days 21 or 28 did not
further improve the antibody responses (22). The current results confirmed that increasing age of
IBV vaccination is highly associated (P<0.0001) with the magnitude of the systemic specific
antibody response (Fig. 5.1B). This observation is also true for IBV mucosal IgA where increasing
age of vaccination and level of the mucosal IgA antibody is also highly significant (P=0.0005)
(Fig. 5.3B). The fact that antibodies determined by a commercial ELISA, which contains whole
virus bound to the wells, showed both similar results and trend as when S1 protein was used on
the ELISA plates underlines the immunogenic importance of the virus’ spike at inducing
antibodies. Although there was significant positive correlation between antibodies against whole
virus and S1 following prime vaccination at 14 days of age and older, such correlation was lacking
in chickens vaccinated at earlier ages. Thus further work is necessary to determine which
antibodies best correlate with protection in chickens vaccinated prior to 14 days of age. Because
antibodies against S1 include virus-neutralizing antibodies, it is likely that antibodies against S1

will better predict protection. Virus-neutralizing antibodies, both systemic and mucosal, are
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important for host protective immune responses (129, 138, 179). IBV challenge in chickens
vaccinated at one-day-old resulted in significantly increased tracheal damage compared to
chickens vaccinated later in life (22). The results of the commercial ELISA show a slight increase
of serum antibody levels after booster vaccination (Figs. 5.1A and 5.1C). The increase of specific
IBV antibodies from secondary responses after booster vaccination was more dramatic and
significantly higher when measured by the more specific S1 protein ELISA in chickens of all
vaccination age groups (Figs. 5.2A and 5.2C). However, even though a trend for higher/stronger
secondary responses was apparent (as the average antibody levels continued to increase), the levels
achieved did not differ significantly between chicken groups that were primed at different ages.
Thus, it seems that the booster vaccination mitigated the differences detected after prime
immunization. The weaker antibody response seen when prime vaccination is performed on the
day of hatch could be explained by a less than optimal lymphocytic clonal expansion and
subsequent memory cell response. However, it seems that a hypothetical difference in memory
cell numbers activated during priming is not enough to make differences apparent during the
secondary response.

Lacrimal IBV-specific IgA levels have been associated with resistance against IBV ocular
challenge (129). However, others have reported that IgA was undetectable and only low levels of
IgM were found during the first week after hatch (132). Chickens primed on day one of age with
an ArkDPI type vaccine produced weaker IgA responses compared to chickens vaccinated two
weeks later (22). Similarly, in the current study mucosal IgA levels in tears (both whole virus and
S1-specific) of chickens vaccinated at different ages demonstrated that early prime vaccination
results in induction of lower IgA levels compared to chickens primed later. In contrast to the

continued rising of systemic antibodies after boost, the current results showed decreased levels of
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mucosal IBV-specific IgA after booster vaccination (Figs. 5.3A and 5.3C). Absence of mucosal
immune responses in tears and in tracheal lavage fluids of chickens following IBV booster
immunization or challenge following primary immunization has also been observed by others, e.g.,
(180, 181).The decrease in IBV-specific lacrimal IgA after booster vaccination cannot be
explained in the current study. One speculative explanation involves a shift of IBV vaccine induced
immune responses from mucosal to systemic compartments. Gurjar et al. (182) demonstrated
increased interferon gamma (IFN-y) expression in the head associated lymphoid tissues after
primary immunization. However, booster vaccination resulted in decreased expression of IFN-y in
mucosal compartments but significantly increased expression in systemic immune compartments.
In addition, while IBV-specific IgA predominates in tears following primary vaccination, 1gG
predominates after booster vaccination (183). It is possible that these IgG antibodies originated
systemically; transfer of IgG from serum to tears has been demonstrated (151). Another possible
explanation might be that a more mature mucosal immune system responds earlier so that at the
time of sampling (day 14 after vaccination in the current study) the levels of IgA were already
waning. Regarding the possibility of a primary mucosal immune response and shift of the
secondary response to the systemic compartment, it is interesting to note that in our present work
CD4" cells in the HG were significantly increased three weeks post boost compared to control
chickens only in chickens first vaccinated at 1 day of age. The level of IBV-specific IgA in tears
did not decrease post boost in chickens prime vaccinated at 1 day of age, and the level of S1-
specific IgA increased post boost only in chickens prime vaccinated on 1 day of age. These
observations are all consistent with a very poor response to primary vaccination at day 1 of age,
such that a response characteristic of a primary response occurs following the second vaccination,

with CD4" cells in the HG acting as helper cells to aid the mucosal antibody response.
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Cell mediated immune responses have also been demonstrated to be age-dependent. For
example, Lowenthal et al. (133) showed that splenic T cells from 1-day-old chickens produce
inhibitory factors affecting the proliferation of T cells, which leads to transient T cell
unresponsiveness to immune stimulation. They also reported a 70-fold increase in T cell numbers
in the spleen of one-week-old compared to one-day-old chickens. At the mucosal level, a gradual
increase in the concentration of CD4" and CD8" lymphocytes was observed in the CALT of
chickens aged from one to four weeks (131). The current results are in agreement with those
findings as higher concentrations CD8" and double positive CD8"/CD4" T cells were detected in
the tissues of both vaccinated and aged-matched controls as age increased. Others have also
observed an increase in the proportion of CD8" cells in spleen with age, reaching approximately
50% by 7 or 8 weeks of age (184, 185). Increases in CD8" cells in CT with age, likely due to
colonization by commensal bacteria (186), have also been observed by others (187). In peripheral
blood, CD4" cells and double positive CD8*/CD4" cells significantly increased with age while no
significant differences were detected in PBMC CD8" cells. Cell mediated immunity has been
shown to be essential in IBV clearance and protection (125, 127). However, significant differences
were not detected in CD8*, CD4", or double positive CD8*/CD4" cells in the HG, CT or the spleen
between chickens primed at increasing age and boosted, and aged matched unvaccinated control
chickens, with the exception of the increase in CD4" T cells in the HG of boosted chickens
following prime vaccination at 1 day of age already noted. These results do not contradict the
results of Collisson et al (125) because they found increased CD8" mediated cytotoxic lymphocyte
activity peaking at 10 days post-inoculation. They indicated that this response was 50% greater
than the response of lymphocytes collected 7 or 15 days after infection. More interesting was the

finding that CD4" cells in peripheral blood showed a significant increase in IBV vaccinated
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chickens versus non-vaccinated age-matched controls both after primary and booster
immunization in chickens primed on days 7 or 14. Increased CD4" cells are associated with a more
optimal activation of B cells and is likely associated with the significant increase of antibody
responses occurring when vaccination was performed later in the life of the chicken. The increase
in CD4" cells in PBMC following booster vaccination was accompanied by an increase in B cells
inCT.

The results of the current study confirm that IBV vaccination on the day of hatch induces
suboptimal 1BV immune responses both in the systemic and mucosal compartments. Less than
optimal specific immunity may be contributing to the virus’ immunological escape as well as
increased persistence of vaccine virus in vaccinated chickens. Itis interesting however, that booster
vaccination seems to compensate for poor initial responses. Nevertheless, considering that
outbreaks of IBV occur most commonly in broiler flocks after 30 days of age, first vaccination
could be delayed in order to optimize the primary antibody response and avoid problems associated
with vaccine virus persistence. Our study was conducted in IBV-antibody-free white leghorn
chickens, and it is possible that different results would be found in commercial broilers with
maternal antibody. Furthermore, the economic and labor saving advantages of vaccinating large
broiler populations at day of hatch contrast with its immunological disadvantages. Chicken
populations more limited in size, such as layer and breeder hens, might benefit from postponing

the first IBV vaccination.
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A Serum IBV Abs after priming B Serum IBV Abs versus age
of vaccination
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Fig. 5.1. IBV antibodies after vaccination (n=15/group) determined by a commercial ELISA
(individual values, mean, and SEM). A) Serum IBV antibody (Abs) two weeks after prime
vaccination on days 1, 7, 14, 21, or 28 of age with an attenuated ArkDPI-type vaccine. B) Linear

regression analysis of antibody response and increasing age of vaccination. Mean values for each
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age are shown, but linear regression analysis was carried out using data from individual chickens.
C) Serum IBV antibody two weeks after booster vaccination of chickens primed at increasing ages.
In all graphs error bars indicate SEM. Ctr=unvaccinated controls. In A and C different letters
indicate significant differences at P<(0.05. Differences between vaccinated groups and a small
number of unvaccinated control samples were determined by one-sample #-tests. In A differences
among vaccinated groups were analyzed by ANOVA with Tukey’s post-test. In C differences
among vaccinated groups were evaluated by Kruskal-Wallis test followed by Dunn’s post-test. In
C asterisks indicate significant increases from antibody levels following prime vaccination
(P<0.05), determined by two-tailed #-tests. Note the difference in Y-axis scales between parts A

and C.
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A Serum S1 Abs after priming B Serum S1 Abs vs. age
of vaccination
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Fig. 5.2. IBV antibody levels (n=15/group) after vaccination determined by ELISA using Ark-
serotype S1 recombinant protein bound to the wells (individual values, mean, and SEM). A) Serum
S1 antibody two weeks after prime vaccination on days 1, 7, 14, 21, or 28 of age. B) Linear
regression analysis of S1 antibody response and increasing age of vaccination. Mean values for
each age are shown, but linear regression analysis was carried out using data from individual
chickens. C) Serum S1 antibody two weeks after booster vaccination of chickens primed at
increasing ages. In all graphs error bars indicate SEM. Ctr=unvaccinated controls. In A and C
different letters indicate significant differences at P<0.05. Analyses were carried out using logio-
transformed data. Differences of each vaccinated group from unvaccinated controls were evaluated
by ANOVA with Holm-Sidak’s multiple comparisons post-test, and differences among vaccinated
groups were evaluated by ANOVA with Tukey’s correction for multiple comparisons. In C
asterisks indicate significant increases from antibody levels following prime vaccination (P<0.05)

determined by two-tailed t-tests.
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A IBV IgA in tears after priming
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Fig. 5.3. IBV IgA levels (n=15/group) after vaccination determined by ELISA using plates of
commercial origin (individual values, mean, and SEM). A) Tear IgA levels two weeks after prime
vaccination on days 1, 7, 14, 21, or 28 of age. B) Regression analysis of tear IgA response and
increasing age of vaccination. Mean values for each age are shown, but linear regression analysis
was carried out using data from individual chickens. C) Tear IgA two weeks after booster

vaccination of chickens primed at increasing age. In all graphs error bars indicate SEM.
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Ctr=unvaccinated controls. In A and C different letters indicate significant differences at P<0.05.
In C asterisks indicate significant decreases from IBV-specific IgA antibody levels following

prime vaccination (P<0.05). Statistical analyses were carried out as described for Figure 5.2.
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Fig. 5.4. IBV IgA levels (n=15/group) after vaccination determined by ELISA using recombinant
Ark-serotype S1 protein bound to wells (individual values, mean, and SEM). A) Tear IgA levels
two weeks after prime vaccination on days 1, 7, 14, 21, or 28 of age. B) Regression analysis of

tear IgA response and increasing age (days 1, 7, and 14) of vaccination. Mean values for each age

112



are shown, but linear regression analysis was carried out using data from individual chickens. C)
Tear S1 IgA two weeks after booster vaccination of chickens primed at increasing age. In all graphs
error bars indicate SEM. Ctr=unvaccinated controls. In A and C different letters indicate
significant differences at P<0.05. In C asterisks indicate significant increases from IBV-specific
IgA antibody levels following prime vaccination (P<0.05). Statistical analyses were carried out as

described for Figure 5.2.
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A Abs in sera after priming B Abs in sera after boosting of chickens
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Fig. 5.5. Correlations of IBV-specific and S1-specific antibody levels in sera and tears of
individual chickens (n=15) vaccinated at 28 days of age. A) IBV-specific and S1-specfic
antibodies in serum after prime vaccination. B) IBV-specific and S1-specfic antibodies in serum
after booster vaccination. C) IBV-specific and S1-specific IgA in tears after prime vaccination. D)
IBV-specific and S1-specific IgA in tears after booster vaccination. The graphs are shown for
chickens vaccinated at 28 days of age because for the correlation shown in A, C, and D chickens

vaccinated at 28 days of age showed the highest correlations. Corresponding data in B show lack
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of statistically significant positive correlation for IBV-specific and S1-specfic antibodies in serum

after booster vaccination. Correlation data for chickens vaccinated at other ages are presented in

Table S5.1 (supplemental material).
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Fig. 5.6. CD4" lymphocytes in HG of chickens 3 weeks after boosting of chickens primed at
different ages. Vac=vaccinated chickens; Ctr=unvaccinated control chickens. Error bars indicate
SEM. The asterisk indicates statistically significant difference (P<0.05) between three pools of
cells from three vaccinated chickens each and a pool of cells from three unvaccinated age-matched

control chickens, determined by one-sample t-test.
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Fig. 5.7. Linear regression analysis of CD8+ and CD4*CD8" cells in CT and spleen of chickens at
different ages. Because no significant differences were noted between vaccinated and
unvaccinated age-matched controls, vaccinated and unvaccinated chickens of the same age were
combined in this analysis. Four pools of cells from three chickens each were evaluated at each age.
Mean and SEM for each time point and linear regression lines are shown. P values for the null
hypothesis that the slope of the line is zero are shown. A) CD8*CD4 cells in CT correlated with
age of chickens. B) CD8"CD4 cells in spleen correlated with age of chickens. C) CD8"CD4" cells
in CT correlated with age of chickens. D) CD8*CD4" cells in spleen correlated with age of

chickens. E & F) CD8/CD4 cell ratios in CT and spleen correlated with age of chickens.
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Fig. 5.8. CD4" lymphocytes in peripheral blood (n=6 chickens/group) determined by flow
cytometry 18 days after prime IBV vaccination (A) and 12 days after booster IBV vaccination (B),
and B lymphocytes in CT determined by flow cytometry 18 days after booster IBV vaccination
(C) in chickens primed on days 1, 7, 14, or 21 days of age. Values of age-matched unvaccinated
controls (Ctr) also shown. Vac=vaccinated chickens. Mean and SEM. Different letters indicate

significant differences among vaccinated groups at P<0.05. Asterisks indicate significant
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difference between vaccinated and age-matched unvaccinated controls.
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Table S5.1. Correlations between antibodies against IBV and S1 and between IgA in

tears and antibodies in sera®

Age of
primary
vaccination
(days) Post prime vaccination Post booster vaccination
Pearson r B Pearson r p
IBV and S1 antibodies in serum
1 0.29 0.34 0.29 0.32
7 -0.04 0.89 0.34 0.21
14 0.63 0.015 0.20 0.50
21 0.55 0.042 0.32 0.26
28 0.63 0.011 0.30 0.28
IBV and S1 IgA in tears
1 0.17 0.55 0.32 0.10
7 -0.018 0.95 0.64 0.01
14 0.63 0.015 0.49 0.064
21 0.54 0.048 0.58 0.037
28 0.91 < 0.0001 0.80 0.0004
IBV antibodies in serum and IBV IgA in tears
1 0.28 0.35 0.32 0.29
7 0.32 0.25 0.55 0.033
14 0.09 0.77 0.14 0.64
21 -0.08 0.79 0.27 0.37
28 0.42 0.12 0.26 0.35
S1 antibodies in serum and S1 IgA in tears
1 0.19 0.51 0.62 0.02
7 0.27 0.33 0.50 0.06
14 0.13 0.65 0.10 0.73
21 0.44 0.12 0.07 0.82
28 0.39 0.15 0.25 0.38

AAlI correlation analyses were preformed using logio S/P ratios and logio OD values

Bp values <0.05 are in bold
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CHAPTER 6

Role of Changes in S Protein of IBV Field Isolate in Escaping Vaccine-Induced Immune

Responses

SUMMARY. In spite of extensive vaccination against Ark-type IBV, Ark-type IBV continues to
cause problems in the poultry industry. To understand how IBV field strains are able to escape
IBV vaccine-induced immune responses, we previously compared reactivity of antibodies in IBV
ArkDPI-vaccinated chickens with the vaccine strain virus and an Ark-type IBV isolated from a
vaccinated flock. 1BV-specific IgA antibody levels in tears and IgA and 1gG antibody levels in
plasma measured against the field isolate were lower compared to those against the vaccine strain,
suggesting immune escape of the field strain from vaccine-induced immune responses. In order to
observe whether differences in antibody levels against the vaccine strain and field isolate in
vaccinated chickens included different levels of antibodies recognizing the IBV S proteins, ELISA
using trimeric recombinant S-ectodomain proteins with S1 domains representing the vaccine strain
and field isolate was conducted. Antibodies in both tears and plasma of vaccinated chickens both
post primary vaccination and post boost recognized the S-ectodomain containing the field isolate
S1 significantly less (P<0.05) than they recognized the vaccine strain S-ectodomain. Our results
were consistent with the prediction that IBV field strains escape the host humoral immune

responses through aa changes within the S1 protein.
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1. INTRODUCTION

The Arkansas (Ark) serotype, followed by Connecticut, Delaware, GA98 and
Massachusetts, is the most common serotype of infectious bronchitis virus (IBV) reported in the
poultry industry in the United States. Interestingly, based on spike subunit 1 (S1) molecular
typing, the most identified Ark serotype IBV in the poultry industry is the same molecular type as
the Ark-Delmarva Poultry Industries (DPI) vaccine strain (27, 59, 112). Unlike other IBV vaccine
strains, the Ark-DPI vaccine strain persists in vaccinated chickens (27, 59, 112). Whether or not
this is due to positive selection of vaccine subpopulations during the process of host invasion (36,
38, 64) is not clear.

The spike (S) protein of IBV mediates viral entry into host cells [reviewed in (67)]. Its
highly variable S1 subunit mediates viral attachment to host cells and induces virus-neutralizing
antibodies that are important for host protective immune responses (55, 138, 179). Its S2 subunit
anchors the protein in the viral envelope and mediates fusion with host cell membranes (49). As is
the case for other coronaviruses, the 1BV host receptor binding domain (RBD) of the M41 strain
has been mapped to S1 (76, 77). The IBV M41 RBD has been further mapped to the S1 N-terminal
domain (NTD) of the S1 subunit (amino acids 19-271), which is necessary and sufficient for
binding to respiratory epithelium in formalin-fixed chicken tissues (78), but assays with live cells
indicate a role in viral attachment for the S1-carboxyl-terminal domain (CTD) as well (52). When
the amino acid sequences of the S1 proteins of seven Massachusetts serotype IBV strains were
analyzed, two hyper-variable regions were identified in the region including amino acids 19-122,
between residues 38-51 and 99-115 (138). It is interesting that important hyper-variable regions

are located in the RBD domain that mediates host attachment in the M41 S1 protein. Consistent
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with a role for both the S1-NTD and S1-CTD in viral attachment, epitopes recognized by virus-
neutralizing antibodies have been mapped within each of these domains (55, 56, 57, 138).

S protein heterogeneity originates from nucleotide insertions, deletions, or point mutations
and/or from genetic recombination events occurring during viral replication (134, 135, 136).
Amino acid changes of as few as 2-3% in S1 (10-15 residues) can alter serotype, which suggests
that a small number of immune-dominant epitopes on S1 are recognized by neutralizing antibodies
(85). Emerging strains that accumulate changes in the S1 protein could escape immunity induced
by common vaccine types. As for example, an IBV isolated from a Mass serotype H120-vaccinated
flock had 5 amino acid substitutions in its S1 aa sequence compared to H120, 4 in the S1-NTD.
These changes presumably enabled the virus to successfully evade the Mass vaccine-induced
immune response, indicating the important role of a small number of changes in the S protein in
host immune escape (139). Interestingly, one of the aa changes was adjacent to an aa position
shown to be part of a neutralizing epitope in another Mass-serotype 1BV, M41 (138). The
continued generation of new IBV variants in the field raises the important question of how
mutations in the S gene observed in IBV field isolates contribute to immune evasion by those field
strains in vaccinated birds. How the IBV-ArkDPI vaccine-induced humoral immune response
cross-reacts with Ark-serotype field isolates obtained from IBV-vaccinated broilers and how small
amino acid differences in the S1 protein of field isolates might contribute to immune evasion are
not understood. Much less information regarding neutralizing epitopes in Ark-serotype S1 proteins
in available compared to neutralizing epitopes in Mass-serotype S1 proteins (55).

To understand how IBV field strains are able to escape 1BV vaccine-induced immune
responses, we previously compared reactivity of IBV-specific antibodies in IBV ArkDPI-

vaccinated chickens with the vaccine strain virus and an Ark-type IBV isolated from a vaccinated
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flock. 1BV-specific IgA antibody levels in tears and IgA and IgG antibody levels in plasma
measured against the field isolate were lower compared to those against the vaccine strain,
suggesting immune escape of the field strain from vaccine-induced immune responses. In this
study, we compared the reactivity of S-specific antibodies in 1BV ArkDPI-vaccinated chickens
with the vaccine strain virus and the field isolate to observe whether the lower antibody levels

against the field isolate reflected lower the antibody levels against the S protein of the field isolate.

2. MATERIALS AND METHODS
2.1. Chickens
Chickens were hatched from specific pathogen free (SPF) white leghorn chicken eggs
purchased from Sunrise Farms (Catskill, NY) and were kept in Horsfall-type isolation units at
biosafety level 2. All procedures and animal care were performed in compliance with 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-accredited

institution.

2.2. Vaccination and sample collection

Twelve chickens were ocularly immunized at 3 weeks of age with 100 pl containing 3x10°
50% embryo infectious doses (EIDso) of a commercial live-attenuated 1BV Ark serotype (Ark-
DPI) vaccine (vaccine D in reference (38) and were ocularly boosted 2 weeks later with the same
dose. Tears and plasma were collected 2 weeks after the primary vaccination and after the boost.

Tears and plasma were also collected from 8-10 unvaccinated control chickens.
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Tear collection was performed as previously described (129). Blood samples were
collected from the brachial vein into EDTA-containing Kendall monoject blood collection tubes
(Tyco Healthcare Group LP, Mansfield, MA). The blood was incubated on ice for 45 minutes
after which it was centrifuged at 500 x g for 30 minutes. Collected plasma and tears were stored

at -80 C until used for further analyses.

2.3. Spike Protein-ELISA

Sl-specific and S-ectodomain-specific ELISAs were employed to measure specific
antibody and IgA antibody levels in plasma and tears, respectively. Soluble trimeric recombinant
S1 or S-ectodomain protein was produced in human embryonic kidney (HEK)-293T cells as
described (70, 76, 140) and purified from tissue culture supernatants six days post-transfection
using Strep-Tactin® Sepharose columns according to the manufacturer’s instructions (IBA GmbH,
Gottingen, Germany). S-ectodomain protein included S1 and S2 lacking the transmembrane and
cytoplasmic domains and lacked the furin cleavage site between S1 and S2. ELISA plates (Nunc
MaxiSorp Immuno Plates; Thermo Scientific, Rockford, IL) were coated at 4 C overnight with
0.25 pg/ml of recombinant S1 or S ectodomain protein (Ark-DP1 major vaccine population, Ark-
DPI vaccine subpopulation C2 selected in chickens (64), or field isolate AL/4614/98 (Genbank
accession number ABE68839) in PBS. Plates were blocked with 200 pL of ELISA assay buffer
(1% BSA and 0.05% Tween 20 in PBS) for 1 hour at room temperature. Individual chicken plasma
and tear samples diluted 1:100 in PBS were loaded onto the plates and incubated for 30 min at
room temperature. For plasma samples, reagents from a commercial IBV ELISA kit (IDEXX
Laboratories, Inc., Westbrook, ME) were used, following instructions in the kit, and absorbance

at 650 nm was measured. The enzyme-labeled secondary antibody in this kit is not specific for a
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particular chicken antibody isotype. For tear samples, following incubation of the samples on the
plate and washing, horseradish peroxidase-conjugated polyclonal goat-anti-chicken IgA
antibodies (Southern Biotechnology Associates Inc., Birmingham, AL) and TMB substrate

(Invitrogen) were used to detect IgA antibodies.

2.4. Statistical analysis

The data was analyzed using GraphPad Prism 8 for MacOS (GraphPad Software, LLC,
San Diego, CA) by repeated measures ANOVA with Tukey’s post-test. Post-prime and post-boost
samples were compared by ratio paired Student’s t-test. Differences were considered significant

at P< 0.05.

3. RESULTS

3.1. Antibody levels to vaccine and field strain S1 proteins

To determine whether differences in antibody levels against the vaccine strain and field
isolate in vaccinated chickens included different levels of antibodies recognizing the IBV S1
proteins, we conducted ELISA using trimeric recombinant S1 proteins representing the vaccine
strain and field isolate. A very minor subpopulation of the vaccine strain, differing from the major
vaccine population in four amino acids in the S1 protein, replicates to much higher levels in
chickens than the major vaccine population (38). Because this vaccine subpopulation S1 is
identical to that of the field isolate AL/4614/98 at two of those four positions, recombinant S1
protein of the vaccine subpopulation selected in chickens [Ark vaccine (chx)] was also used as
ELISA antigen. S1-specific IgA levels in tears of vaccinated chickens recognizing the three S1

antigens tested did not differ significantly and did not increase significantly following boosting
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(Fig. 6.1.A). In contrast, S1-specific antibodies in plasma exhibited statistically significant higher
levels following boosting (Fig. 6.1.B). Contrary to expectation, plasma antibodies to field isolate
S1 protein were statistically significantly higher, rather than lower, than antibodies to the vaccine

subpopulation selected in chickens following both primary and boost vaccination (Fig. 6.1.B).

3.2. Antibody levels to vaccine and field strain S-ectodomain proteins

It was demonstrated that trimeric 1BV spike-ectodomain (S1 plus S2 lacking the
transmembrane and cytoplasmic domains) binds to chicken respiratory epithelium much better
than trimeric IBV S1 protein and that chickens vaccinated with trimeric S-ectodomain are better
protected against IBV challenge than chickens vaccinated with trimeric S1 protein, suggesting that
antibodies generated to S1 protein in the conformation it adopts in association with S2 are
important for protection (150150). Therefore, we compared antibodies recognizing trimeric S-
ectodomains. To ensure that differences detected in antibody levels to vaccine strain and field
isolate S1 in this conformation would be due to differences in S1 and not differences in S2, the
vaccine S-ectodomain and the S-ectodomain protein including the field isolate S1 contained
identical S2-ectodomains, that of the vaccine strain. In contrast to ELISA results using only the S1
portion of the proteins, antibodies in both tears and plasma of vaccinated chickens both post-
primary vaccination and post-boost recognized the S-ectodomain containing the field strain S1
significantly less (P<0.05) than they recognized the vaccine strain S-ectodomain (Fig. 6.1.C &
6.1.D). Also in contrast to antibodies recognizing S1 alone, levels of IgA antibodies in tears
recognizing the S-ectodomain of the vaccine strain increased after boosting (Fig. 6.1.C). However,
the level of antibodies in tears recognizing the field strain S-ectodomain did not increase in

response to boosting. With the exception of antibodies post-boost in plasma, recognition of S-
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ectodomains representing the major vaccine population and that representing the vaccine
subpopulation selected in chickens were indistinguishable, suggesting that the differences between
S proteins in the major vaccine population and the minor subpopulation selected in chickens did

not result in important antigenic differences.

4. DISCUSSION

It is important to better understand IBV vaccine-induced virus-specific immunity in order
to determine how IBV field strains are able to escape 1BV vaccine-induced immunity. In this
study, we analyzed S-specific mucosal and systemic humoral immune responses induced by a live
attenuated Ark-DPI IBV vaccine. We demonstrated significantly lower levels of IgA in tears and
antibodies in sera that recognize S-ectodomain protein containing S1 sequences of an Ark-type
field strain compared to those recognizing the ArkDPI vaccine strain S-ectodomain protein both
post-prime and post-boost in chickens vaccinated with the ArkDPI vaccine strain. All three
recombinant proteins used in this study are from the Ark serotype. The field isolate S1 differs from
the vaccine strain in 22 amino acid positions. Our results indicate that these amino acid changes
might enable the field strain to escape the vaccine-induced host humoral immune response. It is
interesting that the levels of IgA in tears recognizing the vaccine S-ectodomain increased following
boosting, whereas the levels recognizing the S-ectodomain including the fields strain S1 did not.
This may be related to an increase in antibody specificity for the vaccine S protein due to affinity

maturation.
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Fig. 6.1. ELISA demonstrating S1- and S-ectodomain-specific IgA antibodies in tears and
antibodies in plasma of ArkDPI-vaccinated chickens. (A) S1-specific IgA in tears, (B) S1-specific
antibodies in plasma, (C) S-ectodomain-specific IgA in tears, (D) S-ectodomain-specific

antibodies in plasma. Antigens used in the ELISA, trimeric recombinant proteins produced in
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HEK-293T cells, are indicated below the graphs. Ark vaccine (chx) indicates the vaccine
subpopulation selected in chickens after vaccination. Letters indicate significant differences
(P<0.05) determined by ANOVA (repeated measures ANOVA with Geisser-Greenhouse
correction) and Tukey’s post-tests, which were carried out separately for post-prime and post-
boost samples. Post-prime and post-boost samples were compared by ratio paired t- tests; P values

<0.05 are indicated. Error bars indicate SEM.
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CHAPTER 7

CONCLUSIONS

The research presented in this dissertation constitutes a five-part investigation that was
conducted to further understand avian infectious bronchitis coronavirus-host interactions at the
levels of viral spike protein binding to host cells and host immune responses.

In the first two studies we further characterized a CEK-adapted ArkDPI vaccine strain in
vitro and in vivo. In our first study, we observed the effects of the three amino acids changes in the
spike protein of the CEK-adapted virus on attachment to CEK cells by using recombinant S protein
in a protein binding assay. We expected that the CEK-adaptation would allow the S protein better
binding to CEK cells compared to the ArkDPI vaccine S protein. However, we did not observe the
expected improved binding of recombinant S1 or the whole S-ectodomain of CEK-adapted
ArkDPI S protein to CEK cells. Instead, we observed no binding to CEK cells at standard protein
concentration. Reduced binding of the S protein representing CEK-adapted ArkDPI vaccine virus
suggested the possible role in adaptation of changes in other proteins encoded in the genome that
also exhibited amino acid changes during CEK-adaptation.

In our second study, we were interested to observe the binding affinity of the S protein of
CEK-adapted virus to chicken tissues. Similar to CEK cell binding, the S1 or S-ectodomain protein
showed reduced binding to most of the formalin-fixed chicken tissues compared to the S protein
of the parental vaccine strain. Exceptions were the epithelium of conjunctiva and choana, where

S-ectodomain proteins representing the CEK-adapted and vaccine viruses showed similar binding
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affinity. These results suggested that replication of the CEK-adapted vaccine strain in the chicken
might be restricted to respiratory-associated tissues in the head, such as conjunctiva and choana.
Thus we compared replication of CEK-adapted virus to a commercial ArkDPI-derived vaccine in
different tissues after ocular inoculation of 1-day-old SPF leghorn chickens with 10* or 10° EIDso
CEK-adapted ArkDPI vaccine, or 10* EIDso commercial vaccine. Significantly reduced replication
as determined by viral RNA levels in tears, choanal swabs, and tracheal swabs was observed in
chickens inoculated with CEK-adapted vaccine compared to the commercial vaccine when the
same dose (10* EIDso) was used and in tracheal swabs even when ten times the dose of CEK-
adpated virus was used. Reduction of viral loads of CEK-adapted virus in tracheal swabs was not
greater than reduction in tears or choanal swabs. Thus, the replication of CEK-adapted vaccine
virus was not restricted to respiratory epithelium in the head. However, in spite of substantially
lower replication of the CEK-adapted vaccine virus in chickens, reflected in lower vaccine viral
loads in tears, it provided effective protection against challenge.

Since amino acid changes in S protein are implicated in determining the host tropism, in
our third study we explored the role of differences in the S protein in the altered pathogenesis and
extended tropism of an enteric 1BV variant CalEnt, expecting that the S protein of CalEnt would
bind better to intestinal epithelium compared to a typical respiratory variant Cal99 S protein that
has high amino acid identity with CalEnt S. Our results did not support better attachment to
intestinal tissues as a reason for CalEnt’s extended tropism. In addition, analyses of the S gene
sequence using bioinformatic approaches revealed that CalEnt’s S2-coding region was likely
acquired through a recombination event and encodes a unique amino acid sequence at the putative

recognition site for the protease that activates the S protein for fusion. Thus, S2 activation by
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tissue-specific proteases might facilitate CalEnt entry into intestinal epithelial cells and
compensate for poor binding by its S protein.

In our fourth study, we investigated the effects of early vaccination on immune responses
in chickens primed at increasing ages with ArkDPI-type vaccine followed by booster vaccination
with the same vaccine. We confirmed that IBV vaccination on the day of hatch induces suboptimal
IBV immune responses both in the systemic and mucosal compartments, particularly after prime
vaccination. Thus, the routine practice of vaccinating chicks with 1BV early after hatch may be
contributing to the immunologic escape of the virus and increased persistence of vaccine virus in
vaccinated chickens. However, booster vaccination could overcome poor initial responses.

In our final study, we demonstrated significantly lower levels of S-specific IgA in tears and
antibodies in sera recognizing an Ark-type field strain S protein compared to ArkDPI vaccine
strain S protein both post prime and boost in chickens vaccinated with the ArkDPI vaccine strain.
Our results support the concept that IBV field strains escape the host humoral immune responses

through aa changes within the S1 protein.
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