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Abstract: Vaccination remains the leading control method against infectious bronchitis (IB) in poultry
despite the frequently observed IB outbreaks in vaccinated flocks. Here, two vaccination regimes were
evaluated against challenge with the Massachusetts (Mass) infectious bronchitis virus (IBV) strain
that was linked to egg production defects in Western Canada. One vaccination strategy included live
attenuated IB vaccines only, and the other used both inactivated and live attenuated IB vaccines. The
two immunization programs involved priming with a monovalent live attenuated IB vaccine (Mass
serotype) at day-old, followed by intervals of bivalent live attenuated IB vaccines containing the Mass
and Connecticut (Conn) serotypes given to the pullets at 2-, 5-, 9-, and 14-week-old. Inactivated IB
vaccine (Mass serotype) was administrated to only one group of the vaccinated birds at 14-week-old.
At the peak of lay, the hens were challenged with the Mass IBV isolate (15AB-01) via the oculo-nasal
route. The efficacy of the vaccines was assessed following the challenge by observing clinical signs,
egg production, egg quality parameters, seroconversion, and systemic T-cell subsets (CD4+ and
CD8+ cells). Moreover, the viral genome loads in the oropharyngeal (OP) and cloacal (CL) swabs
were quantified at predetermined time points. At 14 days post-infection (dpi), all the hens were
euthanized, and different tissues were collected for genome load quantification and histopathological
examination. Post-challenge, both vaccination regimes showed protection against clinical signs
and exhibited significantly higher albumen parameters, higher anti-IBV serum antibodies, and
significantly lower levels of IBV genome loads in OP swabs (at 3 and 7 dpi) and trachea and cecal
tonsils compared to the mock-vaccinated challenged group. However, only the birds that received
live attenuated plus inactivated IB vaccines had significantly lower IBV genome loads in CL swabs
at 7 dpi, as well as decreased histopathological lesion scores and IBV genome loads in magnum
compared to the mock-vaccinated challenged group, suggesting a slightly better performance for
using live attenuated and inactivated IB vaccines in combination. Overall, the present findings show
no significant difference in protection between the two vaccination regimes against the Mass IBV
challenge in laying hens.

Keywords: infectious bronchitis virus (IBV); vaccination; hens; Canada; Massachusetts (Mass)
serotype; Connecticut (Conn) serotype

1. Introduction

Infectious bronchitis (IB) is an economically devasting disease in chickens, and its
etiological agent is infectious bronchitis virus (IBV) [1]. Initially, IBV targets the tracheal
mucosa [1,2]; however, some IBV variants and/or serotypes have been identified in non-
respiratory tissues such as kidney [3,4], gastrointestinal tissues [5,6], bursa of Fabricius [6,7],
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and oviduct [4,8]. It has been shown that IBV can replicate in the lining epithelium of the
oviduct leading to diminished egg production and eggshell defects [9]. Globally, IBV is
continuously accompanied by high rates of genetic diversity, particularly in its spike1 (S1)
gene [10]. The variable degrees of mutation and recombination events together with the
host selective pressure can result in IBV variants that may hinder the control of IBV in
poultry [11].

IBV is one of the most widespread agents around the world, so it can spread rapidly
through chicken flocks, particularly in non-vaccinated birds, which shed the virus in their
excretions for long periods [12]. Therefore, the control of IBV through strict biosecurity mea-
sures and rearing of birds with uniform ages is often challenging. However, boosting the
birds’ immune system through vaccination against IBV infection is critical in its control [13].
Despite the presence of a wide array of novel vaccines against IB, only live attenuated
and inactivated vaccines are used commercially [14]. The administration routes of live
attenuated vaccines are drinking water, coarse spray, and eye drops [15,16]. Inactivated
IB vaccines are usually oil-adjuvanted and administrated via the intramuscular route in
layer pullets and breeders. Live attenuated vaccines are usually employed to obtain local
immune protection [17,18] and are administrated to prime day-old chicks, followed by
multiple boosters to achieve a sustainable mucosal immune response. It was known that the
immunization of pullets with intervals of live attenuated IB vaccines followed by boosting
with inactivated vaccines 4–6 weeks prior to lay can result in long-lasting immune protec-
tion in laying hens [19]. Several vaccination and challenge studies have been conducted
using live attenuated vaccines containing different serotypes against distinct IBV challenge
strains [20]. Recent studies have revealed that using two heterologous live attenuated IBV
vaccines is a much better option to broaden protection against IBV variants than one. This
is called the “protectotype” approach. Currently, the protectotype approach is widely used
to control IBV outbreaks in chicken flocks globally [21,22].

Although many experimental IBV vaccination/challenge trials have been performed
to evaluate the protective efficacy in young chicks, few of these experiments have been
conducted in laying birds [23]. The main explanation for this is the cost of rearing of such
birds for long periods in well-equipped, isolated, and controlled environments. Most
previous studies in the 1980s showed that an immunization regime that includes an initial
live attenuated vaccine followed by an inactivated IB vaccine induces significant immune
protection against diminished egg production [24–26]. High levels of hemagglutination-
inhibiting antibodies against Massachusetts (Mass) IBV serotype provided better protection
against drops in egg production post-challenge [26]. Regarding homologous immunization,
the vaccination of growing pullets with two IBV live attenuated vaccines containing a
Mass serotype followed by boosting with an inactivated vaccine containing a homologous
Mass serotype of IBV resulted in significant protection against a Mass challenge at 61-week-
old; however, it did not protect against an Arkansas (Ark) challenge at 52-weekold [27].
Furthermore, inclusion of the inactivated IB vaccines in the immunization schedule of layers
induced higher serum neutralizing antibodies against some IBV challenge strains [28].

In young chicks, two antigenically different live-attenuated IBV vaccines have been
used successfully in a vaccination program to combat diseases associated with recent IBV
variants [29,30]. As a consequence, a variety of live-attenuated vaccines have been used
during rearing (pullet period), and an oil-adjuvanted inactivated vaccine containing the
Mass antigen has been injected prior to lay to broaden protection. There is evidence of a
high level of antibody production, indicating that long-term protection is likely to occur
against some IBV variants in long-lived birds (layers) [29]. Furthermore, the application
of heterologous live-attenuated IBV vaccines in pullets followed by an oil-adjuvanted
inactivated IBV vaccine prior to lay has already been proven to be effective against challenge
with various strains of IBV in laying hens [28,31]. The long-lasting immune response of this
vaccination regime in layers can be explained by the fact that a prolonged immune response
can be achieved by following primary vaccination up with secondary vaccination every
2 to 4 weeks with live vaccines and then boosting with additional inactivated vaccines [32].
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IBV serotypes are distributed differently across different regions in Canada. The ma-
jority of current IBV outbreaks in Eastern Canada are caused by the Delmarva (DMV/1639)
and 4/91 serotypes [33,34]. Meanwhile, the Mass and Connecticut (Conn) variants are
the predominant strains in Western Canada [35]. Beginning in 2010, Western Canada egg
layer flocks experienced a sudden drop in egg production and an increase in shell-less
eggs in a phenomenon referred to shell-less egg syndrome (SES), which is caused by the
Mass serotype of IBV [35]. Therefore, it was necessary to mitigate this issue through the
application of vaccination regimes depending on the commercially available vaccines in
Canada. Live attenuated vaccines (Mass and Conn) and inactivated vaccines (Mass and
Ark) are the only types of IB vaccines licensed in Canada. The vaccination of Canadian
table-egg layers begins at one day and continues every 4–6 weeks until they reach 16-week-
old. Previously, we observed that a combination of live attenuated and inactivated IB
vaccines in layers’ immunization programs can result in better systemic and local immune
responses than live attenuated vaccines alone [36]. Therefore, we conducted a further IBV
vaccination/challenge study to compare the efficacy of these two immunization strategies
against Mass serotype IBV inducing SES; one strategy included live attenuated vaccines
containing Mass and Conn serotypes plus inactivated vaccine with a Mass serotype, and
the other contained only live attenuated vaccines.

2. Materials and Methods
2.1. Ethical Statement

All the experimental procedures in this study were ethically approved by the Univer-
sity of Calgary’s Health Sciences Animal Care Committee (HSACC) and the Veterinary
Sciences Animal Care Committee (VSACC) with the protocol number AC19-0113.

2.2. Layer Chickens

A total of one hundred and twenty 1-day-old specific-pathogen-free (SPF) chicks
(White Leghorn) were purchased from the Canadian Food Inspection Agency (CFIA)
(Ottawa, Ontario, Canada). The day-old SPF chicks were sexed based on a molecular assay
described previously [37]. The SPF female chicks (n = 50) were reared in the University
of Calgary’s Veterinary Science Research Station (VSRS). The birds were housed on deep
litter with strict biosecurity measures, and they received water and feed ad libitum for the
duration of the experiment. During the laying period, a light schedule of sixteen hours of
light:eight hours of darkness was maintained.

2.3. IBV Challenge Strain and Vaccines

In this study, we challenged the birds with a Mass IBV isolate designated as 15AB-
01 in its fourth serial passage through SPF embryonated chicken eggs (ECE). The Mass
IBV isolate was isolated from tissue samples from a Western Canadian layer flock with a
history of SES [35]. The 50% embryo infectious dose (EID50) of the virus was determined
from 9-day-old SPF ECE following Reed and Muench’s method [38]; the virus titer was
108 EID50/mL. Two commercial live attenuated IB vaccines were employed; one was
composed of the Mass serotype (Merial Inc., Athens, GA, USA) and the other contained the
Mass and Conn serotypes (Zoetis Inc, Kalamazoo, MI, USA). Each vial of the live vaccine
was reconstituted in 30 mL of sterile phosphate-buffered saline (PBS; Life Technologies
Corporation, Grand Island, NY, USA) to be administrated via eye drop according to the
manufacturer’s instructions (30 µL per bird). The commercial inactivated vaccine used
for this trial was BRON-NEWCAVAC® SE, which contained the Mass serotype of IBV
(Merck Animal Health, Division of Intervet, Inc., Omaha, NE, USA), and it was given
intramuscularly (I/M) based on the manufacturer’s instructions (0.5 mL per bird).

2.4. Experimental Design

The design is presented in Table 1. Following sexing, fifty female chicks were initially
divided into vaccinated (n = 36) and mock-vaccinated (n = 14) groups in two separate
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negative pressure rooms. At 14-week-old, the vaccinated group was randomly and evenly
subdivided into two groups (L+LK and L+L), and each group was kept in a separate room.
In terms of immunization, all birds in the vaccinated groups were primed with a Mass
serotype live attenuated vaccine via eye drop at 1-day-old and then boosted with live
attenuated vaccine containing the Mass and Conn serotypes at 2-, 5-, and 9-week-old. At
14-week-old, the L+LK group was vaccinated with a combination of live attenuated IB
vaccine containing the Mass and Conn serotypes and a Mass serotype inactivated vaccine,
while the L+L group was only vaccinated with live attenuated IB vaccine. Simultaneously,
the mock-vaccinated (MV) group was administrated a placebo (PBS) via eye drop. At
26-week-old (peak of lay), the MV, L+LK, and L+L groups were further subdivided into
MV/MI and MV/I; L+LK/MI and L+LK/I; and L+L/MI and L+L/I denoting mock-
infected and infected groups, respectively. The hens in the L+LK/I (n = 10), L+L/I (n = 10),
and MV/I (n = 9) groups were infected with a total volume of 150 µL containing 1 × 106

EID50 Mass IBV isolate (15AB-01) per hen through the oculo-nasal route. Meanwhile, the
birds in the MV/MI (n = 5), L+LK/MI (n = 8), and L+L/MI (n = 8) group were mock-infected
oculo-nasally with 150 µL of PBS.

Table 1. The vaccination schedule and IBV challenge in the experimental groups.

Vaccination/Challenge MV
(n = 14)

L+LK
(n = 18)

L+L
(n = 18)

Live attenuated vaccine:
1-day-old (Mass)

2-, 5-, 9-, and 14-week-old (Mass + Conn)

No
No

Yes
Yes

Yes
Yes

Inactivated IB vaccine (Mass)
14-week-old No Yes No

At peak of lay MV/MI
(n = 5)

L+LK/MI
(n = 8)

L+L/MI
(n = 8)

MV/I
(n = 9)

L+LK/I
(n = 10)

L+L/I
(n = 10)

Mass IBV challenge
26-week-old No No No Yes Yes Yes

After infection, all birds were observed for clinical signs, egg production, and egg
quality for 14 days post-infection (dpi). Oropharyngeal (OP) and cloacal (CL) swabs
were also collected at 3, 7, and 14 dpi to detect viral shedding. Then, the swabs were
preserved in PBS supplemented with 2% fetal calf serum and 2% penicillin and streptomycin
(Gibco, Carlsbad, CA, USA), aliquoted, and stored at −80 ◦C until processing. At 5 dpi,
2 mL of blood was collected from the wing vein of all hens and kept in tubes containing
anticoagulant to isolate the peripheral blood mononuclear cells (PBMCs). At 3 weeks post
last vaccination, as well as at 10 and 14 dpi, 1 mL of blood was collected in plain tubes
from all birds to monitor serum anti-IBV antibodies. Following 1 h at room temperature,
the blood samples were centrifuged at 2000× g for 10 min (min) at 4 ◦C, and the serum
was separated, aliquoted, and kept at −20 ◦C. At 14 dpi, all hens were euthanized via
over-inhalation of isoflurane anesthesia followed by cervical dislocation, and then a post-
mortem examination was performed to observe any gross lesions. Tissue specimens
from the trachea, lung, kidney, cecal tonsil (CT), ovary, and different parts of the oviduct
(magnum, isthmus, and uterus) were collected and preserved in RNA Save® (Biological
Industries, Beit Haemek, Israel) for IBV genome load quantification. Other parts from the
ovary and different regions of oviduct (oviduct, the magnum, isthmus, and uterus) were
fixed in 10% neutral buffered formalin (VWR International, Edmonton, AB, Canada) for
histopathological examination.

2.5. Scoring of Clinical Signs and Measuring of Egg Parameters

Following the IBV challenge, the clinical signs in all groups were observed twice
a day, and they were scaled according to their severity into four scores (from 0 to 3)
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using a previously described method [39]. Briefly, a score of 1 was given to non-specific
signs such as ruffled feathers, huddling together near a heat source, depression with
lowered head, and droopy wings. The severity of respiratory signs was scored as follows:
a score of 0 denoted the absence of respiratory signs; a score of 1 denoted mild signs,
where respiration was increase but beaks remained closed; a score of 2 denoted moderate
signs, including increased respiration with open beaks, coughing, sneezing, watery eyes,
and nasal discharge; a score of 3 denoted severe signs, such as obvious gasping. The
overall clinical sign scores observed per day were recorded and calculated according to the
aforementioned scoring system.

The collected eggs were analyzed daily up to 2 weeks post-infection (p.i.). All eggs
were examined for external egg quality parameters such as egg length (L) and egg width
(W), which were measured using a digital caliper with a minimum value 0.01 mm. Based
on these measurements, the egg shape index (SI) was calculated following a formula
previously described [40]. For internal egg quality, the albumen height and egg weight
were measured for individual eggs using a digital caliper and scale, respectively. We
calculated the Haugh units (HU) for each egg using a previously published formula [41].
The external and internal egg quality abnormalities among the collected eggs in all groups
were recorded daily during the experimental period. Egg production performance was
analyzed as the percentage of egg production/group/1 week period.

2.6. Monitoring of Serum Anti-IBV Antibodies

A commercial enzyme-linked immunosorbent assay (ELISA) kit (IDEXX Laboratories,
Inc., Westbrook, ME, USA) was used to quantify anti-IBV antibodies in serum samples.
The procedure was performed and the data were analyzed following the manufacturer’s
instructions. The positive IBV samples had titers > 396 (cut-off).

2.7. Flow Cytometry Technique

The PBMCs were isolated from the collected blood at 5 dpi using a previously de-
scribed procedure [42]. The PBMCs were adjusted to 2 × 106 cells per well in 96-well
U-bottom microtiter plates (Nunc A/S, DK, Roskilde, Denmark). Then, the cells were
washed in a buffer composed of 1% bovine serum albumin (BSA) (Sigma-Aldrich, Saint
Louis, MO, USA) in PBS. The plate was centrifuged at 233× g for 5 min at 4 ◦C, and the
supernatant was discarded. The fragment crystallizable (Fc) region of the antibody was
quenched via the resuspension of cells in 0.2% chicken serum diluted in 1% BSA for 15 min
at 4 ◦C. After spinning the cells as mentioned above, the cell pellets were stained with a
suspension of two monoclonal antibodies: mouse anti-chicken CD8-APC (Southern Biotech,
Birmingham, AL, USA) and mouse anti-chicken CD4-PE (Southern Biotech, Birmingham,
AL, USA) for 20 min at 4 ◦C in the dark. The controls were their relevant isotypes (APC
and PE labelled), and the unstained control was 1% BSA. Following two washings in 1%
BSA, 1% paraformaldehyde solution (Electron Microscopy Sciences, Hatfield, PA, USA)
was used to fix the stained PBMCs. Finally, the samples were submitted to the University
of Calgary’s Flow Cytometry Core Facility (Calgary, AB, Canada) for analysis. The data
were generated using BD FACSDivaTM 6.1.3 software (BD Bioscience, San Jose, CA, USA).

2.8. RNA Extraction and IBV Genome Load Quantification

The viral ribonucleic acid (RNA) was extracted from different tissues and swabs
using Trizol® reagent (Invitrogen Canada Inc., Burlington, ON, Canada) according to the
manufacturer’s instructions. In order to measure the concentration of extracted RNA, a
Nanodrop 1000 spectrophotometer (ThermoScientific, Wilmington, DE, USA) was used.
A total of 1000 ng and 2000 ng of the obtained RNA were used to synthesize the cDNA
following the manufacturer’s guidelines using random primers (High-Capacity Reverse
Transcription Kit™, Applied Biosystems, Invitrogen Canada Inc., Burlington, ON, Canada)
for the swabs and tissues, respectively. The quantification of the viral RNA was performed
via a SYBR green real time quantitative polymerase chain reaction (RT-qPCR) assay using
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IBV nucleocapsid (N) gene-specific primers as previously described [43]. A standard curve
was generated using five ten-fold serial dilutions (from 107 to 103) of N-gene plasmid
prepared in-house to quantify the IBV genome copies [43]. The limit of detection of the
SYBR green real time RT-qPCR was assessed using cycle-threshold (Ct) values for each
reaction containing from 107 to 103 copies of the standard plasmids. A plot of threshold
cycle (Ct) values against standard curve data was made to determine the limit of detection
of this RT-qPCR assay. The detection limit of RT-qPCR refers to the lowest concentration of
viral particles that can be detected.

2.9. Histopathology

The formalin-fixed tissue specimens from the ovary and different parts of oviduct
(magnum, isthmus, and uterus) were submitted to the Diagnostic Services Unit (DSU) at
the University of Calgary, Faculty of Veterinary Medicine, for further processing and to
obtain hematoxylin and eosin (H & E)-stained sections. We examined the slides under a
light microscope (Nikon ECLIPSE 50i, Tokyo, Japan) and found presumptive IBV-induced
lesions (Table 2), which were scored according to a modified scoring system previously
designed by Benyeda et al. [44]. Briefly, the lesions were scored as follows: (0) no change,
(1) mild, (2) moderate, and (3) severe, as reported in Table 2.

Table 2. The lesions that were subjected to histopathological scoring.

Tissue Microscopic Lesion

Ovary

Necrosis of ovarian covering epithelium
Heterophilic and/or mononuclear cell

infiltrations in the cortical stroma
Congestion and edema in the cortical stroma

Magnum, isthmus, and uterus

Necrosis of lining epithelium and deciliation
Mononuclear cell infiltrations in lamina propria

Glandular dilatation
Congestion and edema in the lamina propria

2.10. Data Analysis

The Pearson’s chi-squared test was performed to compare the percentage of weekly
egg production performance between the groups. Whereas, the egg quality parameters
(SI and HU), clinical signs scores, serum anti-IBV antibodies at post-challenge, and IBV
genome loads in OP and CL swabs were analyzed at different time points using the mixed-
effects model. In order to identify the group differences, Tukey’s multiple comparisons test
was employed. The differences among the groups in other parameters (CD4+ and CD8+
cell percentages, IBV genome loads in tissues, serum anti-IBV titers at pre-challenge, and
the histopathological lesion scores) were identified using the Kruskal–Wallis test followed
by Dunn’s multiple comparison test. The normality was assessed by D’Agostino-Pearson
normality test before the analysis of data. All statistical tests and graphs were conducted
and created, respectively, in GraphPad Prism 9.2.0 Software (GraphPad Prism Software,
San Diego, CA, USA).

3. Results
3.1. Clinical Signs

Prior to the necropsy examination at 14 dpi, all hens were scored for respiratory and
non-specific signs. Overall, the birds in the MV/I group exhibited clinical signs starting
at 3 dpi and subsiding at 10 dpi (Figure 1). On the other hand, the mock-infected groups
(MV/MI, L+LK/MI, and L+L/MI) and the vaccinated challenged groups (L+LK/I and
L+L/I) showed no clinical signs throughout the experiment. In terms of daily mean clinical
signs scores, both vaccinated challenged groups (L+LK/I and L+L/I) showed significantly
lower scores than those calculated in the MV/I group at 4 dpi (p < 0.05), 5 dpi (p < 0.01), and
6 dpi (p < 0.05), thus indicating a significant protection against the clinical signs induced by
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Mass IBV challenge among these groups. Primary respiratory distress signs were observed
(coughing, sneezing, and open beak breathing), as well as non-specific signs including
depression and ruffled feathers were detected.
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which didn’t exhibit clinical signs.

3.2. Egg Production and Egg Quality Parameters

Over the first- and second-week post-challenge, egg production was not significantly
different (p > 0.05) among all the treatment groups (data not shown). Regarding external egg
quality, the SI exhibited no significant differences between all groups over two weeks post-
infection (p > 0.05; Figure 2a). The SI of eggs in the MV/I group was more rounded (SI~78%)
than the other groups over the entire experiment. There were no shell abnormalities in
the mock-infected groups or L+LK/I group post-challenge. Most eggshell disorders were
detected in the MV/I group from 3 dpi onwards and to a lesser degree in the L+L/I group.
In total, the MV/I group yielded one egg with a soft shell, two eggs with cracked shells,
two eggs with thin shells, three eggs with rough shells, and two eggs with hair cracks on
the shell. The L+L/I group showed only two eggs with rough shells and three eggs with
thin shells. In terms of internal egg quality, the HU in the MV/I group were significantly
lower (p < 0.0001) than those of the mock-infected groups at the first and second weeks
following IBV infection (Figure 2b). Furthermore, the HU in the L+L/I and L+LK/I groups
were significantly higher (p < 0.0001 and p < 0.01, respectively) than those of the MV/I
group at the 1st week of IBV infection; however, the L+LK/I group showed significantly
lower (p < 0.01) HU compared to the L+LK/MI group at the same time point. At the second
week of IBV infection, the HU in the L+LK/I and L+L/I groups were significantly higher
(p < 0.0001) than the MV/I group. Over the two weeks p.i., 2 eggs with watery albumen
were detected in the MV/I group at 6 and 8 dpi, whereas in the L+L/I group, only one egg
with watery albumen was detected at 12 dpi.
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Figure 2. Shape index percent (a) and Haugh units (b) were measured for two weeks following
infection with Mass IBV isolate (15AB-01). Mixed-effects model followed by Tukey’s multiple
comparisons test was employed to detect the group differences. Error bars represent SEM. Asterisks
indicate significant differences (** p < 0.01, **** p < 0.0001).

3.3. Antibody-Mediated Immune Response

The mean measurable serum anti-IBV antibody titers at pre-challenge (3 weeks post
last vaccination) and post-challenge (10 and 14 dpi) are shown in Figure 3a,b. As for the
seroconversion of birds, both vaccinated groups (L+LK, L+L) seroconverted except for
one bird in the L+L group during the pre-challenge period. All hens within all groups
seroconverted after the IBV challenge, with the exception of three hens in the L+L/MI
group. There was no seroconversion in any chickens in the MV and MV/MI groups
throughout the study.
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Figure 3. Anti-IBV antibody titers in serum collected at pre-challenge (3 weeks post last vaccination)
(a) and post-challenge (b) at 10 and 14 days following infection with Mass IBV isolate (15AB-01). The
mean titer differences between the groups at the pre-challenge period were statistically analyzed
using the Kruskal–Wallis test followed by Dunn’s multiple comparison test. At post-challenge, the
mean titers were compared using the mixed-effects model followed by Tukey’s multiple comparisons
test. Error bars represent SEM. Asterisks indicate significant differences (* p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001).
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Statistically, both vaccinated groups (L+LK and L+L) had higher serum anti-IBV
titers than the mock-vaccinated group (MV) (p < 0.0001 and p < 0.01, respectively) at the
pre-challenge period.

In terms of antibody titers post-challenge, the titers in the L+LK/I group were signifi-
cantly higher than in the MV/MI group (p < 0.0001), the L+LK/MI group (p < 0.05), and
the L+L/MI group (p < 0.0001) at 10 and 14 dpi. Likewise, the anti-IBV antibody concentra-
tions in the L+L/I group were significantly higher (p < 0.001) than in the MV/MI group
and the L+L/MI group at 10 and 14 dpi. Compared to the L+LK/I and L+L/I groups at
10 and 14 dpi, the serum anti-IBV antibody titers in the MV/I group were significantly lower
(p < 0.0001 and p < 0.01, p < 0.01 and p < 0.05, respectively). The anti-IBV antibody titers
were not significantly different (p > 0.05) between the L+LK/I and L+L/I groups throughout
the study. There were no statistically significant differences (p > 0.05) between the mock-
infected groups; however, the anti-IBV titers in the L+LK/MI group were significantly
higher (p < 0.05) than in the MV/MI group at 14 dpi.

3.4. Peripheral Blood T-Cell Subsets (CD4 + and CD8 + T Cells)

The gating strategy used to identify the T cell subsets (CD4+ and CD8+) among the
other cell populations in PBMCs is shown in Figure S1. Briefly, the debris-free gating was
initially performed using forward angle scatter (FSC) and side angle scatter (SSC). Then,
the doublets were removed from the cells-free debris using FSC-H (height) versus FSC-A
(area) gating, followed by SSC-H versus SSC-A gating. Singlets were categorized into
CD4+ T cells, CD8+ T cells, CD4/CD8 double negative T cells (CD4/CD8 DN T cells),
CD4/CD8 double positive T cells (CD4/CD8 DP T cells). The level of non-specific binding
of PE-labelled anti-chicken CD4 and APC-labelled anti-chicken CD8 was 0% (Figure S2).
They were assessed using isotype controls conjugated with PE and APC, respectively. The
specific quantifications of CD4+ and CD8+ T cells using mouse anti-chicken CD4-PE and
mouse anti-chicken CD8-APC are presented in Figure S2. The percentages of CD4+ and
CD8+ T cells outputted by the flow cytometry analysis among the treated groups are
depicted in Figure 4a,b, respectively. There was no significant difference in the CD4+ T-cell
percentages at 5 dpi between the groups (p > 0.05). Similarly, the percentages of CD8+ T
cells showed no statistical difference between the groups at 5 dpi (p > 0.05).
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Figure 4. Percentage of CD4+ (a) and CD8+ (b) T cells in PBMCs isolated from blood at 5 days
following infection with Mass IBV isolate (15AB-01). The Kruskal–Wallis test followed by Dunn’s
multiple comparison test was used to compare the mean percentages of CD4+ and CD8+ T cells among
the groups. Error bars represent SEM. Blue-colored columns refer to the mock-vaccinated mock-
infected (MV/MI) group; red-colored columns indicate the live-vaccinated/inactivated-vaccinated
mock-infected (L+LK/MI) group; green-colored columns show the live-vaccinated mock-infected
(L+L/MI) group; purple-colored columns refer to the live-vaccinated/inactivated-vaccinated infected
(L+LK/I) group; orange-colored columns show the live-vaccinated infected (L+L/I) group; black-
colored columns refer to the mock-vaccinated infected (MV/I) group.
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3.5. IBV Genome Loads
3.5.1. IBV Genome Loads in Oropharyngeal and Cloacal Swabs

The IBV genome loads in OP and CL swabs are shown in Figure 5a,b, respectively.
The mock-infected groups exhibited no detectable levels of IBV genome loads in the swabs
throughout the study. In terms of the OP swabs, the IBV genome loads of the MV/I group
were significantly higher (p < 0.0001) than those observed in the mock-infected groups at
3 and 7 dpi. The MV/I also had a significantly higher IBV genome load than that quantified
in the L+LK/I group at 3 and 7 dpi (p < 0.0001), and in the L+L/I group at 3 and 7 dpi
(p < 0.01 and p < 0.0001, respectively). At 3 dpi, the IBV genome loads in the L+L/I and
L+LK/I groups were significantly higher when compared to the mock-infected groups
(p < 0.01) (pairwise comparison not shown). The IBV genome loads in the L+LK/I and
L+L/I groups showed no significant difference (p > 0.05) throughout the observation period.
At 14 dpi, there was no significant difference (p > 0.05) between all treated groups. In terms
of the CL swabs, the IBV genome loads in the MV/I group were significantly higher
(p < 0.05) than those observed in the mock-infected groups and the L+LK/I group at 7 dpi.
There were no significant differences (p > 0.05) detected between all groups at 3 and 14 dpi.
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Figure 5. IBV genome loads were quantified from the OP (a) and CL (b) swabs collected at 3, 7, and
14 days following infection with Mass IBV isolate (15AB-01). The mixed-effects model followed by
Tukey’s multiple comparisons test was used to detect the group differences. Error bars represent
SEM. Asterisks indicate significant differences (* p < 0.05, ** p < 0.01, **** p < 0.0001). The detection
limit of RT-qPCR was 0.8 log10 copies/100 ng of RNA.

3.5.2. IBV Genome Loads in Tissues

The IBV genome loads quantified by RT-qPCR in tissues are shown in Figure 6. The
mock-infected groups were negative for the IBV genome loads in all examined tissues.
In the trachea, the genome loads in the MV/I group were significantly higher than those
observed in the mock-infected groups (p < 0.0001), the L+LK/I group (p < 0.0001), and
the L+L/I group (p < 0.05). In the case of CT, the MV/I group had significantly higher
IBV genome loads when compared to the mock-infected groups (p < 0. 001), the L+LK/I
group (p < 0.05), and the L+L/I group (p < 0.05). In the magnum, the IBV genome loads in
the MV/I group were significantly higher (p < 0.05) than those of the other groups except
the L+L/I group. The IBV loads in other tissues such as lung, kidney, ovary, isthmus, and
uterus did not exhibit significant differences (p > 0.05) between the groups. Furthermore,
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there were no statistically significant differences in IBV genome loads between the L+LK/I
and L+L/I groups in any of the tested tissues (p > 0.05).
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Although no gross lesions were visible in all groups, there were microscopic changes in 

the IBV-infected groups. 

Figure 6. IBV genome loads were quantified in the trachea (a), lung (b), kidney (c), CT (d), ovary
(e), magnum (f), isthmus (g), and uterus (h) at 14 days following infection with Mass IBV isolate
(15AB-01). The Kruskal–Wallis test followed by Dunn’s multiple comparison test was performed to
compare the genome loads of the groups. Error bars represent SEM. Asterisks indicate significant
differences (* p < 0.05, *** p < 0.001, **** p < 0.0001). The detection limit of RT-qPCR was 0.8 log10

copies/100 ng of RNA. Purple-colored columns refer to the live-vaccinated/inactivated-vaccinated
infected (L+LK/I) group; orange-colored columns show the live-vaccinated infected (L+L/I) group;
black-colored columns refer to the mock-vaccinated infected (MV/I) group.

3.6. Histopathological Findings

The mock-infected groups demonstrated no obvious histopathological lesions in the
ovary and different parts of the oviduct during the observation period (Figure 7a,e,i,m).
Although no gross lesions were visible in all groups, there were microscopic changes in the
IBV-infected groups.

In the MV/I group, the ovary showed focal sloughing of the ovarian epithelium, and
the cortical stroma was infiltrated with either multi-focal heterophils or a few mononuclear
cells. Furthermore, there were some aggregates of macrophages laden with hemosiderin
and congested blood vessels in the cortical stroma (Figure 7b). In the magnum, the epithelia
showed either attenuation or patchy areas of sloughing with deciliation, while the sub
epithelial glands were dilated in some hens. The isthmus showed focal mononuclear cell
infiltrations together with edema in the lamina propria. The uterus exhibited edema and
congested blood capillaries underneath the epithelium (Figure 7f,j,n).
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Figure 7. Histopathological lesions observed in ovary, magnum, isthmus, and uterus at 14 days
following infection with Mass IBV isolate (15AB-01). (a,e,i,m) represent the mock-infected groups.
(b,f,j,n) show the MV/I group. (c,g,k,o) refer to the L+L/I group. (d,h,l,p) indicate the L+LK/I
group. Black arrowheads indicate sloughed epithelium; white arrowhead refers to hemosiderin laden
macrophage; black arrows reveal mononuclear cell infiltrations; white arrows display the heterophils;
coiled black arrows indicate dilated glands; short black and white arrows refer to congestion and
edema, respectively.

In the L+L/I, the ovary was characterized by sloughed epithelium, and the interstitial
connective tissue of cortical stroma was filled with multiple areas of heterophilic cell
infiltrations (Figure 7c), and the ovary in the L+LK/I revealed only random distributions
of inflammatory cell infiltrations, mainly heterophils in the cortical stroma (Figure 7d).
In the magnum, isthmus, and uterus of the L+L/I and L+LK/I groups, the epithelia and
cilia were intact. However, there were some dilated glands in the lamina propria with
edema, especially in the magnum, and the isthmus showed mononuclear cell infiltration
underlying the epithelium in both groups. The uterus revealed only dilated and congested
blood capillaries in the lamina propria in some birds of the L+LK/I and L+L/I groups
(Figure 7g,h,k,l,o,p).

The histopathological lesion scores are shown in Figure 8. In the ovary and isthmus,
the mean lesion scores in the MV/I group were significantly higher than those recorded
in the mock-infected groups (p < 0.01). In the case of magnum, the MV/I group showed
significantly higher lesion scores compared to those of the L+LK/I group (p < 0.001) and
the mock-infected groups (p < 0.0001). However, the lesion scores were not significantly
different between groups in the uterus (p > 0.05). Although the lesion scores varied between
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the L+L/I and L+LK/I groups in all tissues, no significant differences could be detected
(p > 0.05).
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Figure 8. The mean lesion scores were calculated for ovary (a), magnum (b), isthmus (c), and
uterus (d) at 14 days following infection with Mass IBV isolate (15AB-01). The Kruskal–Wallis test
followed by Dunn’s multiple comparison test was used to identify the group differences. Error bars
represent SEM. Asterisks indicate significant differences (** p < 0.01, *** p < 0.001, **** p < 0.0001).
Purple-colored columns refer to the live-vaccinated/inactivated-vaccinated infected (L+LK/I) group;
orange-colored columns show the live-vaccinated infected (L+L/I) group; black-colored columns
refer to the mock-vaccinated infected (MV/I) group.

4. Discussion

It was shown that the Mass IBV isolate (15AB-01) could experimentally reproduce
egg production and egg quality deteriorations in SPF layer chickens in 2018, and this
was in accordance with the field observations caused by the same isolate among Western
Canada layer flocks in 2010 [35]. Therefore, we implemented two homologous vaccination
strategies against Mass IBV isolate (15AB-01): the first contained inactivated IB vaccine
and multiple boosters of live attenuated IB vaccines, and the second included only live
IB vaccines. A ciliostasis or virus re-isolation test is the most commonly used method for
evaluating IBV vaccine protection against challenge, particularly during vaccine licens-
ing procedures [23]. Furthermore, clinical respiratory signs, histopathology, and virus
detection by RT-qPCR have been also used as measures of vaccine protection following
IBV challenge [45]. Similarly, the current vaccination regimes were evaluated using some
parameters as clinical observations and egg production, histopathology of reproductive
tissues, and virus detection in swabs and tissues by RT-qPCR.

Our results were three-fold. First, compared to the MV/I group, both vaccination
strategies conferred a significant protection against clinical signs post-challenge, and they
showed reduced viral shedding in OP and CL swabs. In addition, they revealed significantly
lower genome loads in the trachea and CT. Furthermore, the vaccinated/challenged groups
had higher serum anti-IBV antibody titers at 10 and 14 dpi and higher HU at the first and
second week following IBV infection when compared to the MV/I group. Second, only
the group that received live attenuated and inactivated IB vaccines exhibited a significant
decrease in histopathological lesion scores and IBV genome loads in the magnum, as well
as lower IBV genome loads in CL swabs at 7dpi when compared to those observed in the
MV/I group. Third, there was no significant difference observed between the L+LK/I
group and the L+L/I group on the basis of clinical signs, egg production and quality
parameters, seroconversion, and genome load quantification following IBV challenge.

Previous studies have shown that using live attenuated IB vaccines combined with
inactivated IB vaccines given just before the point of lay provide greater protection than
the use of live vaccines alone [25,28,46]. Moreover, vaccination programs that include
inactivated IB vaccines are more likely to induce a better anti-IBV antibody response in
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serum than those that only use live attenuated vaccines [28,36]; however, in our results,
the serum anti-IBV titers were not significantly different between the L+LK/I and L+L/I
groups at 10 and 14 dpi. Despite this, it is possible that significantly higher serum anti-IBV
titers might have been observed in hens vaccinated with both live and inactivated vaccines
as compared to those vaccinated with live vaccines alone if the study had continued for
longer. This can be explained by the prolonged duration of the serum anti-IBV response by
the use of an oil-adjuvanted inactivated vaccine associated with antigen persistence [47].

Types of IBV vaccine strains approved for use may vary between countries. The
epidemiological knowledge of the regionally or locally predominant strains should guide
this process. In Canada, the licensed live attenuated IB vaccines contain either Mass-type
IBV alone (monovalent) or a combination of Mass and Conn strains of IBV (bivalent). While
the inactivated vaccine involves either Mass-type IBV alone or a combination of Mass-
and Ark-types of IBV. This enabled us to employ two homologous regimes containing
Mass-type IBV against the relevant field IBV (Mass-type) that is commonly circulating
among poultry flocks in the Eastern part of Canada [35]. Previous studies have shown
that the best protection against field IBV challenge could be achieved by using a vaccine
containing homologous strain [27,48]. In agreement, the current homologous vaccination
regimes demonstrated a significant protection against the current IBV challenge. This
was shown by complete absence of clinical respiratory illness, lower viral shedding from
the swabs, and minimal histopathological lesion scores in the two vaccinated challenged
groups compared to the mock-vaccinated challenged group.

In this study, the Mass IBV isolate (15AB-01) did not induce significantly lower egg
production among challenged groups. This was not consistent with the previous experi-
mental study that was conducted on the same IBV isolate [35]. Similarly, Chousalkar and
Roberts [49] observed no significant decline in egg production following infection with
Australian strains of IBV (T and N1/88) in laying hens; however, egg quality defects were
detected. The possible explanations for this could be the difference in the route of infection,
housing system, and number of birds used in this trial compared to the previous study [35].
The production of longer eggs may have been associated with a reduction in albumen qual-
ity after exposure to field strains of IBV [49]. In this context, the two vaccinated/challenged
groups had significantly higher albumen heights with subsequent higher HU than those
detected in the MV/I group. This was consistent with the significantly lowered IBV genome
loads and histopathological lesion scores in the albumen forming region (magnum) in the
L+LK/I group. It is likely that glandular dilation and the loss of mucopolysaccharides in
the epithelium of the magnum contribute to the albumen defects [50]. Although the SI%
showed no significant differences between the treatment groups, the eggs in the MV/I
had a higher SI% than the other groups throughout the study. The differences in SI% were
mainly impacted by the egg length rather than width. A previous study demonstrated
changes in SI% after exposure to some IBV strains [49]; however, the alteration in SI%
following IBV infection is not yet fully understood. Further investigation is required to
clarify this.

There is controversy surrounding the precise role of antibodies in controlling IBV
infections. A number of studies have shown that humoral immunity against IBV plays a
key role in minimizing the clinical signs, histopathological lesions in some organs, and viral
elimination [51,52]. Additionally, it has been reported that IBV-specific antibodies limit the
spread of the virus from the trachea to other susceptible organs such as the kidneys and
oviduct [9]. Our findings revealed significantly higher specific serum anti-IBV antibodies
in the L+LK/I and L+L/I groups than that observed in the MV/I group. These significant
antibody titers were accompanied by the absence of clinical signs, significantly lowered
IBV genome loads in the swabs (OP at 3 and 7 dpi, CL at 7 dpi) and some tissues (trachea,
CT, and magnum), and significant minimal lesion scores in the magnum. However, tissue
protection is not closely correlated with serum antibody levels, but the local antibodies
play a major role [53,54]. Likewise, we may speculate that the tissue protection, especially
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in the magnum of the L+LK/I group, may be due to the local antibodies detected in the
reproductive tract tissue and wash.

The cell-mediated immune response represents the other arm of adaptive immune
protection against IBV challenge, and its development is associated with reduced clinical
severity, viral clearance, and rapid recovery from the disease [54,55]. CD8+ T cells are
positively correlated with decreasing infection, and cytolysis of these cells mediates a
reduction in clinical signs [56]. On the other hand, the CD4+ subset plays a critical role
in virus infection through the activation and differentiation of virus-specific B cells [57].
However, we did not observe significant increases in CD4+ T cells in blood in response to
vaccination or IBV infection similar to an antibody response. The CD8+ T cell responses
occurred earlier than the serum IgG antibody responses to IBV in the blood and spleen [58],
supporting the hypothesis that the cell-mediated immune response corresponded with
decreased viral load and better clinical outcomes. It has also been shown that T cell activity
induces the lysis of IBV (Gray strain)-infected cells in vitro. This lysis was mainly attributed
to the effector T lymphocytes, mainly CD8+, while CD4+ cells had a lower impact [55].
Another study found that recipient chicks treated with donor CD8+ memory T cells were
protected from acute IBV infection for the first 4 dpi and displayed mild clinical disease
at 5 dpi [59]. Nevertheless, our observations showed that the CD8+ T cell percentages in
PBMCs were not significantly higher in the L+LK/I and L+L/I groups at 5 dpi. Similarly, a
recent IBV vaccination/challenge study was conducted on SPF laying hens and showed no
significant difference in the peripheral CD8+ T cells between the vaccinated/challenged
and non-vaccinated/challenged birds at 5 dpi [31]. This lack of group differences could
be explained by infrequent blood sampling, as an increased frequency of blood sampling
could have provided an opportunity to examine differences between experimental groups
in terms of their T cell responses [60].

Our results showed that the Mass IBV isolate induced microscopic lesions in the
reproductive tissues, which included epithelial and ciliary losses, inflammatory cell infiltra-
tions, dilated glands, and some vascular changes such as congestion and edema. Most of
the observed histopathological findings were noticeable in other studies using different
IBV strains [8,61,62]. The presence of microscopic lesions confirmed the susceptibility of
functional ovary and oviduct to the Mass IBV isolate (15AB-01) infection. In terms of
reproductive lesion scores, the MV/I group showed significantly severe lesions than the
mock-infected groups in all tissues except the uterus. Furthermore, the lesion scores in
the MV/I did not display a significant difference when compared to L+LK/I and L+L/I
groups in all tissues except magnum. The possible explanations for these scenarios could
be the factors linked to IBV virulence such as the virus dose, route of infection, and age and
breed of the birds.

Although the current study adds to the existing knowledge about the immunopatho-
genesis of the Mass IBV (15AB-01) infection in vaccinated and non-vaccinated layers, it
has some limitations. One of these limitations is the lack of analysis of antigen specific
T cell responses in PBMCs or tissues such as the reproductive tract. However, it can be
argued that our results showed the presence of IBV-presumed microscopic lesions in the
functional ovary and oviduct of challenged birds, so we speculated that some of the re-
cruited T cells from circulation toward the site of injury may have been antigen-specific, as
previously described [63]. Therefore, the detection of T cells in systemic circulation could
be an acceptable parameter of cell-mediated immune responses against specific antigens.
Furthermore, we relied on previously published experimental designs that have proposed
to use the total T cell populations in the peripheral circulation as a parameter for T cell re-
sponse against another IBV strain [31] or different viral infections affecting chickens [42,64].
Other limitations could be listed in this work such as the detection and quantification
of IBV genome loads by RT-qPCR instead of the evaluation of infectious viral particles
in tissues and swabs. It has been shown that the quantification of IBV genomes using
RT-qPCR shows both replicating and non-replicating viruses [65]. Viral infectious particles
could be assessed by virus isolation in embryonated chicken egg (ECE), tracheal organ
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culture (TOC), or cell culture [66]. However, the latter techniques are time-consuming,
labor-intensive, and expensive. On the other hand, qPCR is quicker, easier, less costly,
and very sensitive because it can detect viruses that are otherwise undetectable via virus
isolation [67]. The high sensitivity of the qPCR assay enabled us to detect and quantify the
potential low IBV genome loads in tissues such as the upper respiratory tract (trachea) at
2 weeks post-challenge. Various studies have shown that IBV genome loads in the trachea
could peak at 3–5 days post-challenge and then decline rapidly to below the detected levels
in the second week post-infection [12,68]. We can claim that the expected lower IBV titers in
such tissue may be easily detected and quantified by RT-qPCR rather than using standard
virus isolation assays at this time point.

5. Conclusions

In summary, the present study provides insights into the efficacy of two different
vaccination strategies against the Mass IBV strain affecting Western Canada’s layer flocks.
The current findings demonstrate that the two vaccination strategies conferred protection
against Mass IBV despite the minor advantages of using the combination of live attenuated
and inactivated IB vaccines that are licensed in Canada. Additionally, these results indicate
that the vaccine strain could induce better protective efficacy against the challenge with
homologous IBV strains. Further work is required to identify the development of reproduc-
tive tract lesions until recovery. This could be achieved by conducting a trial with a long
experimental period. Furthermore, these vaccination regimes should be validated in the
commercial layers.
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Mass IBV isolate (15AB-01).
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