Evaluation of protection and immunity induced by infectious bronchitis vaccines administered by oculonasal, spray or gel routes in commercial broiler chicks
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Abstract

Broiler chicks’ responses following combined IBV live attenuated Massachusetts and 793B strains through gel, spray or oculonasal (ON) vaccination routes were cross-compared. Subsequently, the responses following IBV M41 challenge of the unvaccinated and vaccinated groups were also assessed. Post-vaccination humoral and mucosal immune responses, alongside viral load kinetics in swabs and tissues, were determined using commercial ELISA assays, monoclonal antibody-based IgG and IgA ELISA assays and qRT-PCR respectively. After challenged with IBV-M41 strain, humoral and mucosal immune responses, ciliary protection, viral load kinetics, and immune gene mRNA transcriptions between the three vaccination methods were examined and compared. Findings showed that post-vaccinal humoral and mucosal immune responses were similar in all three vaccination methods. Post vaccinal viral load kinetics is influenced by method of administration. The viral load peaked in the ON group within the tissues and the OP/CL swabs in the first and third weeks respectively. Following M41 challenge, ciliary protection and mucosal immune responses were not influenced by vaccination methods as all three methods offered equal ciliary protection. Immune gene mRNA transcriptions varied by vaccination methods. Significant up-regulation of MDA5, TLR3, IL-6, IFN-α and IFN-β genes were recorded for ON method. For both spray and gel methods, significant up-regulation of only MDA5 and IL-6 genes were noted. The spray and gel-based vaccination methods gave equivalent levels of ciliary protection and mucosal immunity to M41 virulent challenge comparable to those provided by the ON vaccination. Analysis of viral load and patterns of immune gene transcription of the vaccinated-challenged groups revealed high similarity between turbinate and choanal cleft tissues compared to HG and trachea. With regards to immune gene mRNA transcription, for all the vaccinated-challenged groups, similar results were found except for IFN-α, IFN-β and TLR3, which were up-regulated only in ON compared to gel and spray vaccination methods.
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1. Introduction

Infectious bronchitis virus (IBV) is a globally noted pathogen of chickens. Belonging to genus Gammacoronavirus of family Coronaviridae, it causes highly contagious acute Infectious bronchitis (IB) disease in chickens of all age groups 1


[ ADDIN EN.CITE ]
. IBV mainly affects respiratory, renal and reproductive systems and results in vast clinical outcomes and great economic loss to the poultry industry 2


[ ADDIN EN.CITE , 3]
. The genome of IBV is single-stranded positive sense, non-segmented RNA with a size of 27.6 kb —the largest of all RNA virus genomes 1


[ ADDIN EN.CITE ]
. Non-stringent proof-reading activity 4[]
 with natural mutations and recombination events contributes to the evolution of stable genotype groups and variable lineages 5


[ ADDIN EN.CITE ]
. Based on variable S1 nucleotide sequences, IBVs are grouped into 7 genotype groups (Group I-Group VII) comprising of 35 distinct lineages, along with many unassigned inter-lineage recombinants 1


[ ADDIN EN.CITE ]
. 
Vaccination against IBV is a core practice to minimise losses due to virulent IBV infection. The gold standard approach for vaccination against IBV is through the oculonasal route (ON) 2[, 6]
, but this individual vaccination method incurs high labour charges and is not economical or practical for large-scale commercial farms. To overcome this, in commercial poultry farming, live attenuated IBV vaccines are usually mass administered by drinking water 7


[ ADDIN EN.CITE , 8]
 , coarse spray 9-11


[ ADDIN EN.CITE ]
 or aerosol methods at day-old or within the first week of age 2[]
. While these methods are popular due to convenience, there may be technical limitations in achieving uniform application of the vaccine dose at the individual bird level 12[]
. Gel based IBV vaccine delivery methods have been developed, evaluated in commercial poultry and proven effective 13


[ ADDIN EN.CITE , 14]
. Jenkins et al 15


[ ADDIN EN.CITE ]
 evidenced that, gel-based delivery of Eimeria oocysts protects chickens against coccidiosis. In another study, combined vaccination of different IBV vaccine strains B-48 (Mass-like) and 1/96 (793B-like) by gel based method in day old chicks witnessed  complete vaccine coverage with required vaccine titres for both IBV vaccine strains 16


[ ADDIN EN.CITE ]
. Gel droplets are rapidly ingested by preening (cleaning feathers with beak), which is optimised due to the dye’s appealing colour and acts as a hydrating fluid to day-old chicks 17[]
.
Different vaccine strains could induce a different level of protective immunity depending on the route of application 
 ADDIN EN.CITE 
[18, 19]
. Serum (IgY) and mucosal (IgA) antibodies are essential determinants for effective clearance of the circulating virus and virus entry at mucosal points 20[]
. The innate immune response is the first-line of defence against IBV infection in chickens, which can be directly activated upon initial exposure of the virus 21[]
. Pattern recognition receptors (PRRs), like MDA5, play a prime role in sensing RNA ligands, such as Avian influenza virus (AIV), IBV or Newcastle disease virus (NDV), while TLR3 plays a complementary role in sensing these invading RNA sensors 
 ADDIN EN.CITE 
[22-24]
. Any receptor and ligand interaction induce interferon-mediated signalling pathways with non-specific killing and elimination of invading pathogens. Innate immune response differs according to the strain, target organs 
 ADDIN EN.CITE 
[25]
 and between vaccinated and challenged birds 
 ADDIN EN.CITE 
[26]
. 
Interferons (IFNs) are widely expressed cytokines during viral infections. They act as the first line of defence and induce an antiviral state in both the producing and neighbouring cells 
 ADDIN EN.CITE 
[27]
. IFN-α/β produced by a virus infected or an activated cell also helps in differentiation of an infected cell to a mature Dendrite Cell (DC) 28[]
. These mature DCs initiate adaptive immune responses by strongly activating antigen specific naive T cells to produce T helper (Th) type 2 cytokines (IL-4, IL-5, and IL-10), and may also dictate the type of Th cell response 29[]
. Interleukin (IL)-6 is a pleotropic cytokine produced by many cells, mainly macrophages, vascular endothelial cells, mast cells, dendritic cells, and T and B cells, in response to tissue damage and infections 
 ADDIN EN.CITE 
[30, 31]
. IL-6 induces both pro- and anti-inflammatory effects 32[]
, regulates differentiation of monocytes into macrophages 33[]
, promotes CD4 T cells to secrete IL-4 and favours Th2 response by increasing B-cell specific immunoglobulin production 
 ADDIN EN.CITE 
[34]
. IL-6 also inhibits IFN-γ secretion in Th1 cells and mediates CD8 T-cell activation, contributing to all the arms of adaptive immunity 
 ADDIN EN.CITE 
[35]
. As of now, there is no foolproof understanding on the mRNA transcription profiles of these cytokines producing immune genes under controlled IB vaccination and challenge studies in broilers. Hence, the present study is designed to evaluate mRNA transcription profiles of immune genes, like MDA5, TLR3, IFN-α/β and IL-6, in order to understand the immunological protection offered by different IB live attenuated vaccine strains under different application methods.  

The major challenges in IBV disease control include extensive genetic variability 
 ADDIN EN.CITE 
[36]
, heterogeneity of local strains 37[]
 and minimal cross-protection 38[]
. At this regular vaccination juncture, IBV variants of global importance continue to evolve, making it impossible to develop vaccines against all of them. Hence, it is desirable to perform studies under controlled conditions to determine which IBV vaccine(s) and method could provide the best protection for commercial chicken. Previous studies have shown that combined vaccination of Mass and 793B vaccines provides heterologous protection 
 ADDIN EN.CITE 
[39, 40]
. Franzo et al. 
 ADDIN EN.CITE 
[41]
 evidenced that combined IBV vaccination offers cross protection against widespread strains, such as QX and Variant 2. Combined Mass and 793B vaccines are the most commonly adopted vaccination protocols in Europe and other parts of the world and offers immunity against a broad range of IBV field variants 
 ADDIN EN.CITE 
[42-44]
 . To date, there is little to no comparative information on the efficacy and immune responses of gel, spray and oculonasal simultaneous IBV Massachusetts plus IBV 793B vaccination of day-old chicks.  Hence, this study is undertaken to cross-compare the protective immunity induced by combined attenuated IBV vaccines administered to commercial broiler chicks by oculonasal, spray and gel methods. The underlying innate, mucosal, humoral and cellular responses in vaccinated and subsequently vaccinated-challenged birds were explored. 
2. Material and methods
2.1 Ethical approval
All the experimental procedures were performed according to UK legislation governing experimental animals under the project licence P8E4FC2C9. Experimental procedures were approved by the University of Liverpool ethical review process.

2.2 Chicks 
Day-old broiler chicks were sourced from a commercial hatchery. Unvaccinated and IBV-vaccinated (see below) chicks were transported in individual vehicles for each group from the hatchery to a nearby isolation unit at the University of Liverpool. Birds were kept until 26-days-old according to animal welfare guidelines and under strict biosecurity measures. Chicks were reared on deep litter with antibiotic-free water and feed, and both were provided ad libitum.

2.3 IBV vaccines used in this study
Two commercial live IBV vaccines of Massachusetts and 793B serotypes were procured from a local vaccine distributor and stored at 4 °C until required. Vaccines were reconstituted in sterile distilled water (SDW) according to the manufacturer’s instructions. For combined vaccination, one vial of each live vaccine was mixed after preparation, retained on crushed ice and used within 1 hr of preparation.
2.4 Experimental design
2.4.1 Vaccination and assessments: In the commercial hatchery, 45 unvaccinated (Group D) chicks were separated into a well-ventilated box in a room away from the vaccination area.  For this control group, 100 μl of SDW was instilled via the oculonasal route.  For the oculonasal route (Group C), each chick received 100 μl of the reconstituted vaccine. For the spray vaccination (Group B), chicks were vaccinated using the standard protocol as administered in the commercial hatchery with a droplet size of at least 100-150 microns. Chicks were left for at least 20 mins after spraying to optimise the effect of preening. For gel vaccination (Group A), the vaccines were reconstituted with a commercial ready to use gel (Gel-Pac® Animal Science Products Incorporated, USA) as per manufacturer’s instructions and administered to the group using a 100 μl multi-channel pipette over the body surface to mimic a commercial hatchery. After the gel vaccination, chicks were left for 30 mins in a quiet room. All groups of birds were observed daily for clinical signs. 
2.4.2 Vaccination-challenge and assessment: The remaining chicks in all the study groups above were further sub grouped as A1- Gel unchallenged (Gel-unch), A2-gel challenged (Gel-ch); B1- Spray unchallenged (SP-unch), B2- Spray challenged (SP-ch); C1-Oculonasal unchallenged (ON-unch), C2-Oculonasal challenged (ON-ch), D1-Unvaccinated unchallenged (Unv-unch) and D2-Unvaccinated challenged (Unv-ch), with n=15 within each group. Chicks in groups A2, B2, C2 and D2 were challenged at 21 days post vaccination (dpv) with virulent IBV M41 (Massachusetts, lineage GI-1). The IBV M41 strain was maintained in our laboratory by propagation and titration in 10-days-old specific-pathogenic-free (SPF) embryonated chicken eggs (ECE) via the allantoic cavity route. Virus rich allantoic fluid was collected and titrated in chicken tracheal organ cultures (TOCs), and was confirmed to be free from other viruses, bacteria and fungal contaminants by culture and PCR 
 ADDIN EN.CITE 
[45, 46]
. All the challenged birds received 0.1ml of virulent M41 allantoic fluid with titre of 105.75 CD50/bird through the oculonasal route.  
2.5 Post-vaccination assessments
Humoral immune responses: Serum samples collected in 10 chicks from each group at 3, 7, 10, 14, and 21 days post vaccination (dpv) from all the four groups were evaluated for humoral immune response through IBV specific IgY commercial ELISA kit (IDEXX, Westbrook, Maine, USA) as per manufacturer’s guidelines. Antibody titres were determined by converting the sample/positive ratio according to formula provided by the manufacturer, with a positive ELISA titre cut‑off determined as 396. 
Mucosal immune responses: Lachrymal fluid collected from 3 birds from each group at 21 dpv was used for assessment of mucosal immune response through in-house developed and validated monoclonal antibody based IBV specific IgA and IgY antibody ELISA as per the prescribed protocol 
 ADDIN EN.CITE 
[47, 48]
.
IBV RT-PCR and qRT-PCR of swabs and tissues: Oropharyngeal (OP)/Cloacal swabs (CL) and tissues like turbinate, choanal cleft, and trachea were collected from 3 chicks from each group at 3, 7, 10, 14, and 21 dpv and assessed for IB vaccine virus presence and load to understand IBV vaccine virus multiplication kinetics. Viral RNA was extracted from the swab and tissue samples, using the QIAamp viral RNA mini kit and the RNeasy Mini kit (Qiagen, UK) respectively, according to manufacturer’s instructions. Presence and quantification of viral RNA was carried out by qRT-PCR, using an IBV 3’ untranslated region (UTR) gene-specific primer and probe as previously described 
 ADDIN EN.CITE 
[49]
. Obtained Ct values were converted to log relative equivalent units (REU) of viral RNA by a standard curve generated from using five 10-fold dilutions of RNA extracted from M41 virus-positive allantoic fluid 
 ADDIN EN.CITE 
[50]
. 
2.6 Post-challenge assessments
Mucosal immune responses: Lachrymal fluid collected from 5 birds from each group at 5 dpc was used for evaluation of mucosal immune response through in-house monoclonal antibody based IBV specific IgA and IgY antibody ELISA as described above.
Ciliostasis scores:  At 5 dpc, tracheas were extracted from 5 birds of each of the three challenged groups and unvaccinated–challenged groups. The tracheas were then processed for ciliary protection assay as per the method previously described 
 ADDIN EN.CITE 
[38, 42, 51]
. In accordance with the European Pharmacopoeia 2007, individual birds yielding 50% or more ciliary activity in tracheal explants were considered protected by vaccination against the challenge virus 42


[ ADDIN EN.CITE ]
.
IBV qRT-PCR in swabs and tissues: Oropharyngeal/Cloacal swabs, harderian gland (HG), turbinate, choanal cleft, and trachea collected in 5 birds from each group at 3 and 5 dpc were evaluated for virus load by qRT-PCR assay as described above.
Immune gene mRNA transcription analysis: RNA extracted from the HG, turbinate, choanal cleft, and trachea collected in 5 birds from each group at 3 and 5 dpc in all the challenged groups were assessed for mRNA transcription of immune regulating genes, such as innate immunity associated pattern recognition receptors TLR3 and MDA5, pro-inflammatory and humoral immune response activating cytokine IL-6, and both innate and adaptive immunity stimulating interferon alpha (α) and interferon beta (IFN-β), by qRT-PCR in LightCycler 480 using gene specific primers as previously described 
 ADDIN EN.CITE 
[52]
. Data was normalized using a relative standard curve method to housekeeping 18S ribosomal RNA mRNA transcription 
 ADDIN EN.CITE 
[50, 53]
 and data was presented as the Log2 fold difference in gene mRNA transcription of virus against the unvaccinated-unchallenged control group. 
2.7 Statistical analysis

Data connected to viral load, ciliary protection, serum IgY, mucosal IgA, IgY antibody responses and mRNA transcription profile of TLR3, MDA5, IFN-α IFN-β and IL6 were analysed and cross compared between the three vaccination methods. Statistical variations within the groups were also analysed and presented. Data were confirmed to be normally distributed and analysed using GraphPad™ Prism version 6.00. Significance of differences between groups was analysed using univariate ANOVA, along with the homogeneity of variance test, to confirm statistical differences within the data set, followed by post hoc Tukey’s testing to compare between each group. When groups had p<0.05 for the homogeneity of variance test, Tamhane’s T2 was applied post hoc instead of Tukey’s. Differences between groups were considered significant at p<0.05 unless stated.

3. Results

3.1 Post-vaccinal humoral immune responses in different vaccination methods  

High levels of IBV maternal-derived antibody (MDA) were detected from serum at day-old (2594±33), and by 14 dpv, antibody titres had declined significantly to below the cut-off point (396) in the unvaccinated-unchallenged control group. In the spray and ON-vaccinated groups, antibody titres were positive at 3 dpv (1510±27 and 1803±415 respectively) and 7 dpv (1000±23 and 992±12 respectively), and then decreased significantly by 10, 14 and 21 dpv in the spray-vaccinated (205±46, 109±80 and 121±47) and ON-vaccinated birds (24±18, 23±22 and 111±41). Positive antibody titres were detected in the gel-vaccinated birds at 3, 7 and 10 dpv (2107±49, 562±12 and 433±96). Titres then significantly declined at 14 and 21 dpv (159±12 and 85±50). Serum IBV specific IgY levels in all the vaccinated and unvaccinated groups showed a similar declining pattern and were statistically not significant at any sampling point during post vaccination (Figure 1).
3.2 Post-vaccinal mucosal immune response in lachrymal fluid

The titres of anti-IBV IgA in gel, spray and ON vaccinated groups at 21 dpv were 1.23±0.19, 1.51±0.19 and 1.72±0.18 respectively, which were significantly higher than those of unvaccinated control groups.  Anti-IBV IgY titre in gel, spray and ON vaccinated groups at 21 dpv were 0.25±0.04, 0.29±0.01 and 0.30±0.03 respectively, which were significantly higher than the unvaccinated control groups. There were no statistical differences in anti IgA and IgY levels between the three vaccinated groups.
3.3 Post-vaccinal detection of IBV viral load  
IBV was not detected in OP and CL swabs, or in tissues of the unvaccinated-unchallenged group, throughout the study. IBV was detected in OP swabs in all vaccinated groups from 3 to 21 dpv (Table 1). For CL swabs, IBV was detected from 3 to 21 dpv in the gel and the ON-vaccinated groups. In the spray-vaccinated group, IBV was detected from 7 dpv. 
3.4 Post-vaccinal viral load dynamics in natural orifices and tissues
Viral RNA copies in oropharyngeal and cloacal swabs were measured using RT-qPCR and expressed as log REU (Table 1 and Figure 2A and 2B). OP and CL swab samples collected from vaccinated groups were positive on all sampling days, with the unvaccinated control group negative throughout the study. Post vaccination Viral RNA load in OP swabs peaked at 21 dpv in birds vaccinated by gel and spray method (2.96 log REU and 2.81 log REU respectively), while the ON-vaccinated birds peaked earlier at 7 dpv (2.38 log REU). Virus presence in CL swabs peaked at 14 and 21 dpv in the birds vaccinated by gel and spray respectively (2.04 log REU and 3.34 log REU), while the ON-vaccinated birds peaked earlier at 10 dpv (2.82 log REU).  
The viral RNA loads in the turbinate of ON-vaccinated birds peaked earlier at 3 dpv (3.50 log REU), while RNA loads peaked at 10 dpv in gel-vaccinated birds and at 14 dpv in the spray-vaccinated birds (3.77 log REU and 2.88 log REU respectively). The viral load in turbinate of the spray-vaccinated group was significantly lower compared with gel and the ON-vaccinated birds at 10 dpv (Figure 3 A1 and A2).

For the choanal cleft, viral RNA loads peaked at 3 dpv in spray and ON routes (3.22 log REU and 2.72 log REU respectively), and at 7 dpv (3.95 log REU) in the gel-vaccinated birds. The viral titre in the choanal cleft was significantly higher in the gel-vaccinated group compared to other routes at 7 dpv (Figure 3 B1 and B2).
The viral load level in the trachea peaked earlier in chickens vaccinated by the ON route at 3 dpv (2.57 log REU) followed by a significantly lower titre at 21 dpv than the previous days. The viral RNA loads in the trachea of gel-vaccinated bird peaked at 14 dpv (2.63 log REU) with significantly high titres at 14 and 21 dpv compared to the previous sampling days. The viral titre in the trachea of spray-vaccinated birds was significantly lower compared to that of other routes at all sampling points. In addition, the viral load in the trachea of gel-vaccinated birds was significantly high compared to the ON group at 14 and 21 dpv (Figure 3 C1 and C2). 
3.5 Post-challenge ciliary protection 

Chicks in all vaccinated groups (gel, spray and ON) showed ciliary protection of 97.5, 96.25 and 95.75 % respectively when compared to unvaccinated control group which showed 99.37 % ciliary protection. The vaccinated-challenged groups at 5dpc showed ciliary protection of 83.5, 83.5 and 94.4 % respectively when compared to unvaccinated-challenged control group which showed 1.5 % ciliary protection (Figure 4).
3.6 Post-challenge mucosal immune response in lachrymal fluid

The titres of anti-IBV IgA at 5 dpc in all gel, spray and ON vaccinated-challenged chickens were 1.35±0.19, 1.46±0.09 and 1.70±0.12 respectively, which were significantly higher than the unvaccinated-unchallenged group (Figure 5A). No statistical difference was observed between vaccinated-unchallenged and vaccinated-challenged groups at 5 dpc. The IgY level at 5 dpc in the gel, spray and ON vaccinated-challenged groups were 0.29±0.10, 0.35±0.2 and 0.33±0.03 respectively, which were significantly higher than the unvaccinated-unchallenged and vaccinated-mock challenged groups (Figure 5B). 
3.7 Post-challenge IB viral load dynamics in OP swabs and tissues

Post-challenge Viral RNA load in the OP swabs from the gel- unchallenged and the ON- unchallenged birds peaked at 5 dpc (2.21 log REU and 2.69 log REU respectively), while the SP-unchallenged peaked earlier at 3 dpc (2.10 log REU). For the challenged groups, the ON-challenged and SP-challenged groups peaked at 3 dpc (2.22 log REU and 2.35log REU respectively), while the gel-challenged peaked later at 5 dpc (-2.48 log REU). The viral load at 5 dpc was lower in the SP-challenged and ON-challenged groups compared to the vaccinated-unchallenged groups. The viral RNA load in the CL swabs from the gel-unchallenged, spray-unchallenged and ON-unchallenged birds peaked at 3 dpc (3.09 log REU, 2.68 log REU and 2.21 log REU respectively). Similarly, viral RNA copies in all vaccinated-challenged groups peaked at 3 dpc (-2.84 log REU, 2.56 log REU and 2.39 log REU respectively). Viral loads in the gel and spray vaccinated-unchallenged groups were higher than in the respective vaccinated-challenged groups at 3 and 5 dpc, but this was not true for the ON-vaccinated groups (Figure 2C and 2D). 

Viral copy numbers peaked at 3 dpc in the HG in the vaccinated-unchallenged birds. The viral titre in the HG was significantly higher in the respective vaccinated-unchallenged groups compared to the vaccinated-challenged group at 5 dpc (gel-vaccinated) and 3 dpc (spray- and ON-vaccinated). (Figure 6 A1 and A2).
In the turbinate, the viral RNA peaked at 5 dpc in all vaccinated-unchallenged groups. The turbinate viral load was significantly higher in the vaccinated-unchallenged groups compared to the gel- and spray-vaccinated-challenged groups at 5 dpc. However, the viral copy in the turbinate at 3 dpc was significantly higher in the ON vaccinated-challenged group compared to the vaccinated-unchallenged groups. A comparison between the methods demonstrates that the viral titre was significantly higher in the gel- and spray-vaccinated-unchallenged groups compared to the ON route at 3 dpc, while in the vaccinated-challenged groups, the significantly high titre was detected at 3 dpc in the ON route compared to the spray (Figure 6 B1 and B2).

In the choanal cleft, viral RNA in the vaccinated-unchallenged groups peaked at 3 dpc, with the exception of the ON-vaccinated group, which peaked later at 5 dpc. Similar to the turbinate, the viral replication titre in the choanal cleft was significantly higher at 3 dpc in the vaccinated-challenged compared to the vaccinated-unchallenged groups in the ON-vaccinated group (Figure 6 C1 and C2).
In trachea tissue, viral RNA levels in vaccinated-unchallenged chickens peaked at 3 dpc in gel and ON, and at 5 dpc in spray-vaccinated groups. The viral load of RNA in the trachea was significantly higher at 3 dpc in gel-vaccinated birds, and at 3 and 5 dpc in the spray-vaccinated birds compared to the vaccinated-challenged birds. However, the tracheal viral copy at 3 dpc was significantly higher in the ON-vaccinated-challenged group compared to the ON-vaccinated-unchallenged groups. A comparison between the different methods showed that the viral titre was significantly higher in the SP-unch at 5 dpc compared to other routes, while in the vaccinated-challenged groups, a significantly high titre was observed in the ON route at 3 and 5 dpc compared to the other methods. (Figure 6 D1 and D2).
3.8 Post-challenge immune gene mRNA transcription profile
3.8.1 TLR3 and MDA5 mRNA transcription: Harderian gland (HG)

TLR3 mRNA transcription in the HG was significantly down-regulated at 3 and 5 dpc in the groups vaccinated by gel and spray, and at 5 dpc in the ON-vaccinated group compared to the unvaccinated-unchallenged control group. In the vaccinated-challenged groups, there was significant down-regulation at 3-5 dpc in the Gel-challenged and SP-challenged groups, while in the ON-challenged group, a significant up-regulation was present at 3 dpc compared to the control group. There was a significantly high difference in the TLR3 mRNA transcription for the HG in the vaccinated-unchallenged group compared to vaccinated-challenged group at 5 dpc in the gel and spray-vaccinated groups, and at 3 and 5 dpc in the ON-challenged group (Figure 7 A1). Between all vaccination methods, a notably low mRNA transcription was seen in the ON-unchallenged birds at 5 dpc. However, in the vaccinated-challenged groups, TLR3 mRNA transcription was significantly higher in the ON-challenged group at all-time points (Figure 7 A2).
MDA5 mRNA transcription in the HG was significantly up-regulated at 3 and 5 dpc in the groups vaccinated by gel and spray and at 3 dpc in the ON-vaccinated birds compared to the control. In the vaccinated-challenged groups, significant up-regulation of the MDA5 was observed at 3 and 5 dpc in all the three Gel-challenged   SP-challenged and ON-challenged groups compared to the control and vaccinated-unchallenged groups at 3 and 5 dpc (Figure 8 A1). Spray-vaccinated birds showed a significantly higher level of MDA5 mRNA transcription at 5 dpc compared to the other routes. Moreover, a significantly high difference in the mRNA transcription of MDA5 in HG was seen in the spray-vaccinated group at 5 dpc compared to others groups, whereas  all the three challenged groups evidenced significant up regulation of MDA5 at 3 and 5 dpc  (Figure 8 A2).
3.8.2 TLR3 and MDA5 mRNA transcription: Turbinate 
Significant down-regulation was noted in TLR3 mRNA transcription at 3 dpc in the gel-vaccinated group, and at 3-5 dpc in both groups vaccinated via spray and the ON routes. The significant up-regulation was noted only in gel-vaccinated birds at 5 dpc compared with the control. With regards to the vaccinated-challenged groups, significant down-regulation was noted at all-time points in the Gel-challenged and SP-challenged groups. Conversely, this gene detected significant up-regulation in the ON-challenged birds at all-time points compared to the control. Significant differences were observed in the gel-vaccinated group compared to the Gel-challenged groups at 5 dpc, and in the ON-challenged compared with ON-vaccinated birds at 3 and 5 dpc (Figure 7 B1). A significant difference in the TLR3 mRNA transcription presented in the gel-vaccinated bird at 5 dpc and in the ON-challenged at all sampling days in the vaccinated-challenged groups (Figure 7 B2). 

MDA5 mRNA transcription in the turbinate was significantly up-regulated at 5 dpc in the gel-vaccinated group, at 3 and 5 dpc in the spray-vaccinated birds and at 3 dpc in the ON group compared with the control group. In the vaccinated-challenged groups, there was significant up-regulation of the MDA5 5 dpc in the Gel-challenged and SP-challenged groups, and 3 dpc in the ON-challenged group compared to the control group. There was a significant difference in the SP-challenged compared with spray-vaccinated groups at 5 dpc (Figure 8 B1). A comparison between the different vaccine administrations showed a significant difference in the gel-vaccinated bird at 5 dpc. In the vaccinated-challenged groups, higher significant MDA5 mRNA transcription levels were seen in ON-challenged compared to SP and gel-challenged at 3 dpc. However, MDA5 mRNA transcription presented significantly higher in the SP and gel challenged groups at 5 dpc (Figure 8 B2). 
3.8.3 TLR3 and MDA5 mRNA transcription: Choanal cleft 

TLR3 mRNA transcription in the choanal cleft was significantly down-regulated at 3 and 5 dpc followed by significant up-regulation at 5 dpc in the gel-vaccinated group. In the groups vaccinated by spray and ON methods, results indicated a significant down-regulation at 3 and 5 dpc compared with control. In the Gel-challenged and SP-challenged groups, there was significant down-regulation at 3-5 dpc.. In addition, a significant high difference was detected at 5 dpc in the gel-vaccinated compared with the vaccinated-challenged group (Figure 7 C1). In comparison between all vaccination methods, a significant high TLR3 mRNA transcription was only noted in the ON-challenged group at all time points (Figure 7 C2).
MDA5 mRNA transcription in the choanal cleft was significantly down-regulated at 3 dpc, followed by a significant up-regulation at 5 dpc in both gel and spray-vaccinated chickens compared to the control group. In the vaccinated-challenged groups, a significant up-regulation of MDA5 was observed at 5 dpc in the SP-challenged group, and at  3 and 5 dpc in both the Gel-challenged and ON-challenged groups compared to the control group. A significant difference was seen in the ON-challenged group compared to ON-vaccinated birds at 3 -5 dpc (Figure 8 C1). A significant difference was detected in the MDA5 mRNA transcription at 5 dpc in the SP-challenged group (Figure 8 C2).

3.8.4 TLR3 and MDA5 mRNA transcription: Trachea

Significant up-regulation was noted in TLR3 mRNA transcription at 3 dpc and at 3-5 dpc in the gel and ON-vaccinated groups respectively. The significant down-regulation of this gene was observed at 3 dpc in birds vaccinated via spray method compared to the control. In the vaccinated-challenged groups, significant down-regulation was noted at all sampling days in the Gel-challenged and SP-challenged groups. The opposite was true for the ON-challenged where this gene was significantly up-regulated at all-time points compared to the control. Significant high differences were observed in the gel-vaccinated compared to Gel-challenged at 3 and 5 dpc, and in the ON-challenged compared to ON-vaccinated groups at 3 dpc (Figure 7 D1). A significant high difference in the TLR3 mRNA transcription was noted at 3 dpc in the gel and at 5 dpc in the ON-vaccinated groups, and at all sampling days in the ON-challenged for the vaccinated-challenged groups (Figure 7 D2).

MDA5 mRNA transcription in the trachea was significantly up-regulated at all sampling days in the vaccinated-challenged groups compared to the control group. Significant differences were detected between the gel- and spray-vaccinated groups at 5 and 3 dpc respectively, and at 3 and 5 dpc in the ON-challenged for the vaccinated-challenged group (Figure 8 D1). A significant difference in the MDA5 mRNA transcription was noted in the gel-vaccinated birds at 5 dpc. In the vaccinated-challenged groups, a significant difference was present at 3 and 5  dpc in all three of the challenged groups compared to control (Figure 8 D2). 

3.8.5 IFN-α and IFN-β mRNA transcription: Harderian gland (HG)

Significant down-regulation of IFN-α mRNA transcription was seen on all sampling days in both vaccinated-unchallenged and vaccinated-challenged birds for all different vaccination routes compared to the control group. Significant difference was seen only at 3 and 5 dpc in the vaccinated-unchallenged compared to vaccinated-challenged birds in the gel- and ON-vaccinated groups respectively (Figure 9 A1). IFN-α mRNA transcription was significantly lower in spray-vaccinated birds at 3 and 5 dpc in the gel-vaccinated group compared to the different routes of vaccine in the HG (Figure 9 A2). 

There was significant down-regulation in IFN-β mRNA transcription at 3 dpc in the spray-vaccinated group and at all sampling days in the vaccinated-challenged birds in both Gel-challenged and SP-challenged groups. However, in the ON-challenged birds, a significant down-regulation was observed at 5 dpc compared to the control group. Significant difference was detected in the vaccinated-unchallenged compared to vaccinated-challenged birds at 5 dpc in the gel and the ON, and at 3 dpc in the spray-vaccinated groups respectively (Figure 10 A1). IFN-β mRNA transcription was significantly higher in the ON-challenged group when compared to other vaccination routes at 3 dpc (Figure 10 A2).
3.8.6 IFN-α and IFN-β mRNA transcription: Turbinate 

Significant down-regulation of IFN-α mRNA transcription was observed in all birds vaccinated by different methods and in the vaccinated-challenged groups at 3 dpc. Unaltered mRNA transcription was observed in all three vaccinated -challenged groups at 5 dpc compared to the control group. There was a significant difference in the SP-challenged group compared to spray-vaccinated group at 3 dpc (Figure 9 B1). Comparison between the different methods of immunisation showed that the IFN-α mRNA transcription was significantly lower in all three challenged groups  at 3 dpc (Figure 9 B2).

IFN-β mRNA transcription in the turbinate was significantly down-regulated at 3 dpc in the gel and ON-vaccinated groups. Significant up-regulation was seen in the spray-vaccinated birds at 5 dpc. In the vaccinated-challenged groups, there was significant down-regulation at both 3 and 5 dpc in the Gel-challenged and SP-challenged groups, and at 5 dpc in the ON-challenged group compared to the control group. Significant differences were observed in the spray-vaccinated at 3 and 5 dpc compared to SP-challenged groups, and at 3 dpc in the ON-challenged compared to ON-vaccinated group (Figure 10 B1). Comparison between the different vaccination routes showed a significantly higher level of IFN-β mRNA transcription at 3-5 dpc in the spray-vaccinated group, and  significant down regulation in all three challenged groups at 5 dpc (Figure 10 B2).
3.8.7 IFN-α and IFN-β mRNA transcription: Choanal cleft
There was significant down-regulation in the IFN-α mRNA transcription in all birds vaccinated by different methods and also in the vaccinated-challenged groups of Gel-challenged and SP-challenged at 3 dpc. There was a significant difference in the ON-challenged compared to ON-vaccinated birds at 3 dpc (Figure 9 C1). A significantly high level was noted in the ON-vaccinated group at 3 dpc, and in the ON-challenged group at 3 dpc (Figure 9 C2).
There was significant down-regulation of IFN-β mRNA transcription in both vaccinated-unchallenged and vaccinated-challenged groups for all different vaccination routes at 3 dpc (Figure 10 C1 and C2). 
3.8.8 IFN-α and IFN-β mRNA transcription: Trachea
IFN-α mRNA transcription was significantly down-regulated at 3 and 5 dpc in the spray-vaccinated groups and at only 3 dpc in the ON-vaccinated groups. Significant up-regulation was present at 5 dpc in both gel- and ON-vaccinated birds. In the vaccinated-challenged groups, IFN-α was significantly down-regulated at 3 and 5 dpc in the Gel-challenged and the SP-challenged groups, and the mRNA transcription was unaltered at 3 and 5 dpc in the ON-challenged group compared with the control group. Significant differences were noticed at 3 and 5 dpc in the gel-vaccinated compared to Gel-challenged groups, and at 3 dpc in the ON-challenged compared to ON-vaccinated groups (Figure 9 D1). The IFN-α mRNA transcription was significantly higher at 3-5 dpc in the gel-vaccinated group, and at all sampling days in the ON-challenged group (Figure 9 D2).
IFN-β mRNA transcription was significantly down-regulated in all vaccinated groups at 3 dpc, followed by significant up-regulation at 5 dpc only in the ON-vaccinated birds. In the vaccinated-challenged groups, there was significant down-regulation of this gene in the Gel-challenged and SP-challenged 3 dpc, while in the ON-ch, IFN-β was up-regulated significantly at 5 dpc compared to the control group. Significant high differences were observed at 3 dpc in the ON-challenged compared to ON-vaccinated birds (Figure 10 D1). The IFN- β mRNA transcription was significantly higher at 5 dpc in the ON-vaccinated birds, and at 3 and 5 in the ON-challenged group (Figure 10 D2).
3.8.9 IL-6 mRNA transcription: Harderian gland (HG)
There was significant up-regulation of the IL-6 mRNA transcription at 3 and 5 dpc in the spray, and at 3 dpc in the ON-vaccinated groups. In the vaccinated-challenged groups, the IL-6 was observed to be significantly up-regulated at 3 dpc in SP-challenged group and down-regulated at 5 dpc in both Gel-challenged and spray-challenged groups compared to the control group. Significant differences were noticed at 3 and 5 dpc in spray-vaccinated compared to SP-challenged groups, and at 3 dpc in ON-vaccinated compared to ON-challenged chickens (Figure 11 A1). IL-6 mRNA transcription was significantly higher in the spray, ON-vaccinated birds at 3 dpc, and only at 5 dpc in the ON-vaccinated group. (Figure 11 A2).
3.8.10 IL-6 mRNA transcription: Turbinate 
There was significant down regulation in the IL-6 mRNA transcription at both 3 and 5 dpc in the all vaccinated-challenged groups in birds vaccinated by all methods compared to the control group. (Figure 11 B1). IL-6 mRNA transcription presented significantly lower in the gel-vaccinated birds at 5 dpc, while in the vaccinated-challenged groups, IL-6 was higher at 3 dpc in the Gel-challenged (Figure 11 B2).

3.8.11 IL-6 mRNA transcription: Choanal cleft

There was only significant up-regulation in IL-6 mRNA transcription in the ON-vaccinated group at 3-5 dpc compared to the control and ON-challenged groups. Unaltered expression was present at both 3 and 5 dpc in all vaccinated-challenged groups compared to the control group (Figure 11 C1). The observed IL-6 mRNA transcription was significantly higher in the ON-vaccinated birds at 3 and 5 dpc compared to the other vaccination methods (Figure 11 C2).
3.8.12 IL-6 mRNA transcription: Trachea
There was a significant up-regulation of the IL-6 mRNA transcription at 3 dpc, followed by down-regulation at 5 dpc in the ON-vaccinated group. The significant up-regulation was noted at 3 and 5 dpc in the ON-ch, while Gel-challenged and SP-challenged groups showed down regulation compared to the control group. Significant differences were noted in the ON-challenged group compared to ON-vaccinated groups between at 3 and 5 dpc (Figure 11 D1). In comparison between the different methods of vaccination, IL-6 mRNA transcription was significantly higher in the ON-vaccinated birds at 3 dpc, and was down regulated at 3 dpc in the Gel-challenged and SP-challenged groups. In addition, significant differences were noticed in the ON-challenged at 3 and 5 dpc compared to other vaccination routes (Figure 11 D2).

4. Discussion

It appears that the vaccination methods had no impact on post-vaccination reactions in day-old chicks. Chicks in all vaccinated groups showed mild clinical respiratory signs such as head shaking, tracheal rales and snicks in the first week post vaccination. Similar findings have been reported in day-old broiler chicks vaccinated by eye-drop, coarse spray, or intratracheal instillation with other IBV vaccine strains 54[]
.  The current study demonstrated that the gel, spray or ON vaccination methods had little to no influence on the IBV maternally derived antibody (MDA) levels, as the pattern of decline in the MDA levels were similar in all vaccinated groups. A similar observation was reported by Chhabra, et al. 
 ADDIN EN.CITE 
[55]
 with combined administration of Massachusetts plus 793B vaccines in day old chicks. For IBV, it has been demonstrated that antiviral defense through neutralizing antibodies (Nabs) alone is not considered as the sole protection 
 ADDIN EN.CITE 
[56, 57]
. It might involve a combination of other parameters such as innate, humoral, mucosal and immune cell responses 58[]
.
The pattern of post-vaccinal viral load in this study revealed an earlier peak in viral load — first in tissues and later, in OP and CL swabs in all the vaccination methods. This might be due to initial virus replication in cells at site of entry, and subsequently, in the post viremic phase, it might have been shed through natural orifices 59[]
. The other possible reason is that the prompt mucosal response in tissues could have played a role in lowering the viral loads in respiratory tract surfaces, leading to less being detected by the OP and CL swabs, particularly in the initial days after vaccination 
 ADDIN EN.CITE 
[56]
. Findings of consistent and high levels of viral load in turbinate and Harderian gland demonstrated that although the primary site for IBV infection is the ciliated epithelium lining of trachea 
 ADDIN EN.CITE 
[56]
, IBV also multiplies well in other tissues 
 ADDIN EN.CITE 
[46]
.
The gel, spray and ON vaccination methods induced similar levels of mucosal immunity, as measured by anti-IBV IgA titres in the lachrymal fluid of the vaccinated birds. It appears that these vaccination methods provided almost equal levels of mucosal immunity 60[]
. Previous work has reported that IBV-specific IgA found in tears, tracheal and oviduct and duodenal and caecal contents may offer local protection 
 ADDIN EN.CITE 
[61]
. 
This study demonstrated that at five days post-challenge with virulent M41, all three vaccination methods offered similar ciliary protection, indicating equivalent efficacy of gel, spray or ON vaccination methods. Compared to the control, in the vaccinated-challenged groups, the anti-IBV IgA and IgY levels in the lachrymal fluid was significantly raised following M41 challenge, but there were no significant differences between different vaccination methods. This demonstrates that in all three vaccination methods, vaccine viral titres were sufficient to induce adequate IgA and IgY antibodies in lachrymal fluids.  Lachrymal anti-IBV IgA and IgY levels play an important protective role against IBV infection of the upper respiratory tract 
 ADDIN EN.CITE 
[62]
. It was proposed that anti-IBV IgA and anti-IBV IgY (in lachrymal fluid), followed by tissue IFN response, play an important role in conferring protection against virulent IBV challenge 
 ADDIN EN.CITE 
[46]
.
Other than providing evidence of ciliary and mucosal protection, this study also examined the immune mechanisms underlying the protection in vaccinated-challenged chicks. This included determination of viral load and mRNA transcription profile of certain immune genes in a number of tissues. On viral load, all vaccinated-challenged groups in this study had a common pattern of significant reduction in viral RNA loads at 3-5 dpc in OP and CL swabs and in tissues, indicating a high degree of protection. This is likely due to induction of local innate, mucosal and cellular immune responses at the respiratory linings. Similar findings were reported in another study, where post-challenge viral IB RNA load in the trachea and conjunctiva-associated lymphoid tissues (CALT) were significantly reduced at 2 and 4 dpc 
 ADDIN EN.CITE 
[56]
. Though the specific reason for this was not clear, it is likely that handling of the birds on the 21 dpv for sampling and sham (virus-free allantoic fluid) inoculation may have triggered stress, and further replication of the vaccine strain of IBVs. Post-challenge, HG viral load was less in ON, gel and spray vaccination routes, and induced a greater resistance to challenge virus compared to other tissues at initial days of challenge. This finding is consistent with that of 

Ratanasethakul and Cumming [8]

, who found that vaccination by the conjunctival, intranasal and in-contact routes induced a greater resistance to challenge. It is correlated with lymphoid tissue nature of the HG, which may have expeditious trained immunity, and immunological memory. This might have induced a strong resistance to virulent challenge 
 ADDIN EN.CITE 
[63]
.  In contrast to previous vaccination-challenge studies, where trachea and kidney tissues were the main focus 
 ADDIN EN.CITE 
[25, 50]
, head-associated tissues such as the HG, turbinate and choanal cleft were included in this study for a better understanding of the immune responses’ dynamics 
 ADDIN EN.CITE 
[46]
. In this study, comparison of IB viral replication pattern and immune gene mRNA transcription profiles in different tissues revealed high similarity between turbinate and choanal cleft compared to HG and trachea. The suppression of the host’s IFN immune response in the Harderian gland (HG) following vaccination or challenge is unique. HG is known for its role in local immunity and quickly responds to pathogens and vaccines that enter via the ocular route. However, its role as lymphoid tissue is sparsely explored 64[]
. They reported that  for Newcastle disease, several mRNAs were noted to be highly expressed in the Harderian gland compared to bursa, spleen and thymus, which highlighted its unique immune properties 64[]
. It appears that that for future IBV studies, inclusion of proteomic and transcriptomic analysis of tissues could provide valuable information.
The present study evidenced consistent up regulation of the MDA5 gene mRNA transcription at 3-5 days post challenge in all the study tissues, such as HG, turbinate, choanal cleft and trachea. Invariably, all three vaccination methods indicate that vaccination methods could not have influenced the innate sensing of IBV. For the TLR3, the gene was up-regulated only in the ON vaccinated-challenge group, reflecting that the transcription magnitude of this gene could be associated with route of vaccination. Yu et al. 
 ADDIN EN.CITE 
[22]
 witnessed MDA5 signalling associated interferon (IFN) protective response against JS/2010/12 strain of IBV challenge in chicken embryo kidney (CEK) cells and chicken embryos. Okino et al. 
 ADDIN EN.CITE 
[25]
 analysed early immune responses against varying virulent Brazilian IBV field isolates inoculated via oculonasal route in SPF chicks and documented TLR3 transcription up regulation at 1-8 dpi. However, this study did not analyse MDA5 levels, which are also critical for mRNA sensing 
 ADDIN EN.CITE 
[23, 24]
. Manswr et al. 
 ADDIN EN.CITE 
[65]
 investigated immunopathogenesis of IBV-Q1 strain in SPF chicks and recorded significantly higher up-regulation of IFN-α, TLR3, MDA5 and IL-6 mRNA transcription in 1-14 days post infection, which supports the present study. Al-Rasheed et al. 
 ADDIN EN.CITE 
[63]
 studied early post-vaccinal immune responses to Mass H120 and 793B serotypes in commercial laying hens administered through both ON and drinking water (DW) routes and found that TLR3 and MDA5 was significantly up-regulated in the HG and trachea but not in turbinate at 5 days post vaccination following either ON or DW inoculation, which differs from the findings of this study, where MDA5 is uniformly up-regulated in all the studied tissues, including turbinate, invariably due to vaccination method. 

The current study found that type 1 interferon mRNA transcriptions vary between individual and mass vaccination methods. IFN-α mRNA transcription was significantly up-regulated at 3 dpc and gradually down regulated at 5 dpc, whereas, IFN-β mRNA transcription was significantly down regulated at 3 dpc and gradually up-regulated at 5dpc in ON group. However, with both gel and spray methods, IFN-α, IFN-β mRNA transcriptions were down regulated from 3-5 dpc. Type I interferon (IFN-α, IFN-β) is predominantly produced from fibroblasts, which have anti-proliferative and antiviral properties and are commonly used for determining preliminary antiviral states post infection 
 ADDIN EN.CITE 
[66]
. Al-Rasheed et al. 
 ADDIN EN.CITE 
[63]
  reported similar findings in layer hens vaccinated with Massachusetts and 793B serotypes by ON and drinking water (DW) routes. They reported that IFN-β mRNA transcription was significantly down regulated at 3 dpc, and subsequently up-regulated or down regulated at 5 dpc for ON or DW methods respectively.  The DW route may be equal to that of oral gel method in the study, where oral ingestion is the main vaccine entry route. Both IFN-α and IFN-β share common structural and genetic similarities, but they vary in their differential binding affinity to interferon receptors (IFNAR1 and IFNAR2). IFN-α induces a significantly more potent antiviral state in chicken when compared to IFN-β. Apart from type 1 interferon, type II interferon (IFN-γ) from immune cells and type III interferon (IFN- λ) from epithelial cells may also play a crucial role in IBV antiviral defence 67[]
. Both the mass vaccination methods in this study evidenced significant down regulation of type 1 interferon at 3-5 dpc compared to Individual (ON) method, which necessitates better understanding of the expression patterns of other antiviral cytokines, such as type II and type III interferon.

This study showed that IL-6 mRNA transcription was down regulated at 3 and 5 dpc in all tissues collected from the vaccinated-unchallenged groups, except for HG where IL-6 mRNA transcription was up-regulated in both at 3 and 5 dpc compared to control. But in all vaccinated-challenged groups, up-regulation of the IL-6 was observed at 3 dpc, whereas, at 5 dpc, it was unaltered and comparable to the control group. Since IL-6 is a pro-inflammatory cytokine that recruits cells and promotes inflammation and clearance of infection at the infection site 31[]
, IL-6 promotes up-regulation of the Th17 cells, which affects Th17/Treg cells ratio. Thus, it is considered as a disruption and may favour development of chronic inflammation 68[]
. IL-6, apart from being a pro-inflammatory cytokine, also favours Th2 cell differentiation, which plays a role in humoral immune response stimulation 
 ADDIN EN.CITE 
[69, 70]
. The above facts may substantiate early up regulation of IL-6 to activate the immune system and development of inflammatory and cellular responses. Later, it is down regulated to reduce the inflammation. It appears that there were no clear differences in the magnitude of IL-6 responses between the vaccinated-challenged groups. Even though MDA5 and IL-6 mRNA transcriptions were upregulated in the HG of all the vaccinated-challenged groups, their levels were statistically lower than that of vaccinated-unchallenged groups. This finding reflects the better ability of the vaccinated group in resisting the challenge virus infection and subsequent inflammation processes. On the other hand, both IFN-α and IFN-β (type I interferon) mRNA expressions are significantly down regulated in HG, which behaves uniquely 64[]
 and needs to be explored further in IBV vaccination and challenge studies.
5. Conclusions

This study for the first time demonstrated that by 21 dpv, the spray and gel-based vaccination methods gave equivalent levels of ciliary protection and mucosal immunity to IBV M41 virulent challenge that is comparable to those provided by the ON vaccination. Following the vaccination, it is more likely that in the OP swabs, the vaccine viruses are detectable every week in the OP swabs. However, for the CL swabs, detection chances are higher at weeks 2 and 3 instead of weeks 1 or 2.  At 21 dpv, the vaccine viral loads in turbinate and choanal cleft were almost the same at all sampling points (except at two occasions) for all the vaccination methods. Consistently lower viral load was found in the trachea of the spray-vaccinated group compared to the other two methods. Analysis of viral load and pattern of immune gene transcription of the vaccinated-challenged groups revealed high similarity between turbinate and choanal cleft tissues compared to HG and trachea. For the immune gene mRNA transcription in all the vaccinated-challenged groups, similar results were found, except regarding IFNα, IFNβ and TLR3, which were up-regulated via the oculonasal method, compared to gel and spray methods.
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Table1.Post-vaccinal IBV virus detection and viral load in swabs
Detection percentage and log REU of the IBV vaccine virus load in the Oropharyngeal (OP) and Cloacal (CL) swabs at 3, 7, 10, 14, and 21 dpv assessed by qRT-PCR, in all the vaccinated and Unvaccinated groups. No IB vaccine virus detected in unvaccinated control groups.

	Days post vaccination

(DPV)
	% of birds positive for IBV RT-PCR (IBV viral load in log REU)
	

	
	                   Oropharyngeal (OP) swab
	              Cloacal (CL) swab



	
	Gel

	Spray

	Oculonasal

	Gel 


	Spray 
	Oculonasal 

	3
	60 (2.65)
	70 (2.07)
	100 (2.22)
	40 (0.31)
	0 (0.00)
	10 (1.47)

	7
	70 (2.69)
	80 (2.13)
	100 (2.38)
	50 (0.85)
	10 (0.11)
	60 (1.77)

	10
	100 (2.80)
	90 (2.32)
	100 (2.06)
	80 (1.51)
	30 (0.44)
	90 (2.82)

	14
	100 (2.82)
	100 (2.81)
	100 (1.99)
	80 (1.95)
	90 (3.34)
	90 (2.46)

	21
	100 (2.96)
	100 (2.81)
	100 (1.73)
	100 (2.04)
	90 (2.72)
	100 (2.53)
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Figure 1. Post-vaccinal IBV specific-IgY responses
Infectious bronchitis virus (IBV) antibody titres (IgY) of the unvaccinated-unchallenged (Unvac-Unch) control and different vaccinated groups (ON-Oculonasal). Data are expressed as mean values ± SEM (n=10/group) at 3, 7, 10, 14 and 21 day-post vaccination. Significant differences between the groups were detected by one-way ANOVA test. The significant differences between the groups are indicated with different letters, and the non-significant differences are not alphabetically sorted.
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Figure 2. Post-vaccinal and Post challenge IBV viral load in swabs

Quantification of viral load expressed as log relative equivalent units (REU). (A and B) IBV loads at 3, 7, 10, 14 and 21 dpv in pooled OP and CL swabs. Chickens (n=10) were vaccinated with combined IBV strains (H120+CR88). (C and D) IBV loads at  3 and 5 dpc in the pooled OP and CL swabs respectively. Vaccinated birds were challenged with IBV M41 at a dose of 105.75 CD50/bird. 
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Figure 3. Post-vaccinal IBV viral load in tissues 
Quantification of viral load expressed as log relative equivalent units (REU) in the (A1) turbinate, (B1) choanal cleft and (C1) trachea samples of chicken at 3, 7, 10, 14 and 21 dpv. (A2-C2) Comparison between the different routes on the same tissue and day. Chickens were vaccinated with combined IBV strains (H120+CR88). Significant differences were determined using one-way ANOVA. The significant differences between the groups (n=3) are indicated with different letters, and the non-significant differences are not alphabetically sorted. 
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Figure 4. Post-challenge IBV ciliary protection
Ciliary protection against the IBV M41 challenge virus at 5 dpc according to the European Pharmacopoeia’s reference standards, individual birds yielding 50% or more tracheal explants with ciliary activity were considered to have been protected by the vaccine. 
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Figure 5.Post- challenge IBV specific mucosal antibody responses

 Measurement of IBV-specific IgA and IgY titre using indirect ELISA from the lachrymal fluid. Mean IgA and IgY from lachrymal fluids collected at 5 dpc (n=5), data expressed as mean of corrected optical density (COD). The significant differences between the groups are indicated with different letters, and the non-significant differences are not alphabetically sorted. 
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Figure 6. Post- challenge IBV viral load dynamics in tissues
Quantification of viral load expressed as log relative equivalent units (REU) in (A1) Harderian gland, (B1) turbinate, (C1) choanal cleft and (D1) trachea (dpc). (A2-D2) Comparison between the different routes on the same tissue and day. Vaccinated birds were challenged with IBV M41 at a dose of 105.75 CD50/bird. Significant differences were determined using one-way ANOVA. The significant differences between the groups (n=3) are indicated with different letters, and the non-significant differences are not alphabetically sorted.
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Figure 7. Post- challenge mRNA transcription profile of TLR3 in tissues
Relative mRNA transcription of TLR3; A1 to D1 in the Harderian gland, turbinate, choanal cleft and trachea sample respectively; A2 to D2- TLR3 mRNA transcription comparison between the different routes on the same tissue and day. Data represents the mean with error bars as standard error and are expressed as fold change relative to the unvaccinated-unchallenged control groups (n=3). The significant differences between the groups are indicated with different letters, and the non-significant differences are not alphabetically sorted.  [image: image8.png]B Unvaccinated-unchallenged 2 Vaccinated-unchallenged  EE8 Vaccinated-challenged
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Figure 8. Post- challenge mRNA transcription profile of MDA5 in tissues
Relative mRNA transcription of MDA5; A1 to D1 in the Harderian gland, turbinate, choanal cleft and trachea respectively. A2 to D2- MDA5 mRNA transcription comparison between the different routes on the same tissue and day. Data represents the mean with error bars as standard error and are expressed as fold change relative to the unvaccinated-unchallenged control group (n=3). The significant differences between the groups are indicated with different letters, and the non-significant differences are not alphabetically sorted.  
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Figure 9. Post- challenge mRNA transcription profile of IFN-α in tissues
Relative mRNA transcription of IFN-α; A1 to D1 in the Harderian gland, turbinate, choanal cleft and trachea respectively. A2 to D2- IFN-α mRNA transcription comparison between the different routes on the same tissue and day. Data represents the mean with error bars as standard error and are expressed as fold change relative to the unvaccinated-unchallenged control group (n=3). The significant differences between the groups are indicated with different letters, and the non-significant differences are not alphabetically sorted. 
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Figure 10. Post- challenge mRNA transcription profile of IFN-β in tissues
Relative mRNA transcription of IFN-β; A1 to D1 in the Harderian gland, turbinate, choanal cleft and trachea respectively. A2 to D2, IFN-β mRNA transcription comparison between the different routes on the same tissue and day. Data represents the mean with error bars as standard error and are expressed as fold change relative to the unvaccinated-unchallenged control group (n=3). The significant differences between the groups are indicated with different letters, and the non-significant differences are not alphabetically sorted. 
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Figure 11. Post- challenge mRNA transcription profile of IL-6 in tissues
Relative mRNA transcription of IL-6; A1 to D1 in the Harderian gland, turbinate, choanal cleft and trachea respectively. A2 to D2-IL-6 mRNA transcription comparison between the different routes on the same tissue and day. Data represents the mean with error bars as standard error and are expressed as fold change relative to the unvaccinated-unchallenged control group (n=3). The significant differences between the groups are indicated with different letters, and the non-significant differences are not alphabetically sorted. 
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