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Article 1 

Revealing novel strain specific and shared epitopes of Infec- 2 

tious Bronchitis Virus spike glycoprotein using CLIPS preci- 3 

sion epitope mapping  4 

Samantha Sives 1, *, Sarah Keep 2, Erica Bickerton 2 and Lonneke Vervelde 1 5 

1 Division of Immunology, The Roslin Institute & R(D)SVS, University of Edinburgh, Easter Bush, Edinburgh, 6 
EH25 9RG, UK 7 

2 The Pirbright Institute, Ash Road, Woking, Surrey, GU24 0NF, UK 8 
* Correspondence: samantha.ellis@roslin.ed.ac.uk. 9 

Abstract: The avian coronavirus, Infectious Bronchitis virus (IBV), is an economically important in- 10 

fectious disease affecting chickens, with a diverse range of serotypes found globally. The major sur- 11 

face protein, spike (S), has high diversity between serotypes and amino acid differences in the S1 12 

sub-unit are thought to be responsible for poor cross-protection afforded by vaccination. Here, we 13 

attempt to address this, by using epitope mapping technology to identify shared and serotype-spe- 14 

cific immunogenic epitopes of the S glycoprotein of three major circulating strains of IBV M41, QX 15 

and 4/91, via CLIPS-peptide arrays based on peptides from the S1 sub-units. Arrays were screened 16 

with sera from chickens immunised with recombinant IBV, based on Beau-R backbone expressing 17 

heterologous S, generated in two independent vaccination-challenge trials. Screening of sera from 18 

rIBV vaccination experiments, led to identification of 52 immunogenic epitopes on the S1 of M41, 19 

QX and 4/91. Epitopes were assigned into six overlapping epitope binding regions. Based on acces- 20 

sibility and location in the hypervariable regions of S, three sequences, 21 
25YVYYYQSAFRPPNGWHLQGGAYAVVNSTN54, 67TVGVIKDVYNQSVASI82 and 83AMTVP- 22 

PAGMSWSVS96, were selected for further investigation and synthetic peptide mimics were recog- 23 

nised by polyclonal sera. These epitopes may have the potential to contribute towards a broader 24 

cross-protective IBV vaccine.  25 

Keywords: coronavirus; epitope; infectious bronchitis virus; chicken; antibody response; spike 26 

 27 

1. Introduction 28 

The avian coronavirus, Infectious Bronchitis virus (IBV) is an endemic poultry path- 29 

ogen, causing a highly contagious respiratory disease [1]. Economic losses associated with 30 

IBV are linked to secondary opportunistic bacterial infections [2-4]. As there are many 31 

different strains or serotypes of IBV circulating worldwide and with the continual emer- 32 

gence of new strains every few years [5], available vaccines are often not protective against 33 

the newly emerged variant strains. Consequently, it is common practice to use combina- 34 

tions of live or inactivated vaccines, from different serotypes of the virus, to improve the 35 

breadth and potency of cross-protection, afforded against circulating field strains of IBV 36 

[6-11]. The order in which the different vaccines are given can also influence the level of 37 

cross-protection induced in flocks [12]. 38 

The issue of limited cross-protection between IBV serotypes is often associated with 39 

the variance in the major surface protein, spike (S), a type 1 glycoprotein which oligomer- 40 

ises to form trimers [13-15]. The S protein is proteolytically cleaved into two subunits, the 41 

N-terminal subunit S1 (approximately 500-550 amino acids, 90 kDa) and the C-terminal 42 

subunit, S2 (approximately 610-630 amino acids, 84 kDa), which contains the transmem- 43 

brane domain. The S1 subunit is solely responsible for binding to host cellular receptors 44 
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[16,17] , determines the serotype and is responsible for induction of neutralising antibod- 45 

ies [18-22], with the S2 conformation postulated to have an important role in the confor- 46 

mation of S1 [20,23,24]. The variance within the S, in particular the S1 subunit, is the major 47 

reason behind the emergence of new variants/serotypes and the continual issues of poor 48 

cross-protection between serotypes [25,26]. The S protein and S1 subunit can trigger a pro- 49 

tective immune response in chickens vaccinated with recombinant S or S1 expressed in 50 

viral vectors, including adenovirus and recombinant IBV, evident by partial protection 51 

against homologous and heterologous wild-type viral challenge [20,27-31]. The role of the 52 

S2 subunit in the induction of protective immunity still remains to be elucidated, with 53 

vaccination studies reporting that S2 alone is unable to induce sufficient protection against 54 

homologous challenge [20,32] and heterologous challenge [33]. Some combinations of 55 

commercially available vaccines can induce cross-protection against unrelated serotypes, 56 

indicating a synergistic effect of some of the vaccines, which are referred to as protecto- 57 

types [34]. Collectively, this suggests that one, but more likely several, critical epitopes are 58 

responsible for the cross-protection conferred between some IBV serotypes. Identification 59 

of such epitopes is of paramount importance for the rational development of vaccines with 60 

ability to induce broadly neutralising antibodies. 61 

Several studies have identified neutralising epitopes present on the S glycoprotein of 62 

other coronaviruses, including severe acute respiratory syndrome (SARS) coronavirus 63 

(CoV) [35,36], SARS-CoV-2 [37-39], Middle East respiratory syndrome (MERS) CoV [40], 64 

mouse hepatitis virus (MHV) [41], Porcine Epidemic Diarrhea Virus (PEDV) [42], and 65 

transmissible gastroenteritis virus (TGEV) [43], through a variety of epitope mapping ap- 66 

proaches including computational structural analysis of receptor binding sites, in silico 67 

predictions and phage display. Many protective and neutralising epitopes tend to be con- 68 

formational in nature and B-cell epitopes are often discontinuous with a characteristic res- 69 

idue length of 5-20 amino acids, with a shorter peptide spanning most of the epitope’s key 70 

functional residues [44]. It is generally believed that most of identified linear antigenic 71 

determinants are contributory parts of conformational or discontinuous B-cell epitopes 72 

[45-48]. The strategy for epitope identification of antibodies using peptide arrays was ini- 73 

tially developed using linear peptide sequences [49]. More recently, the peptide based 74 

Chemical LInkage of Peptides onto Scaffolds (CLIPS) epitope mapping technology was 75 

developed [50,51]. CLIPS involves the multiple cyclisation of linear peptides via reactions 76 

with chemical scaffolds, so that the peptide folds around the scaffold, restricting the flex- 77 

ibility and adopting a 3D conformation designed to present the appropriate order and 78 

configuration required to functionally reconstitute conformational epitopes found on na- 79 

tive protein antigens [50-52]. As the nature of the CLIPS presents peptides on a range of 80 

constructs this increases complexity of the arrays, due to their capacity to present a large 81 

number of peptides across a wide range of constructs and permitting overlapping peptide 82 

sequences, allowing for high-resolution epitope mapping. Epitope mapping utilising pep- 83 

tide arrays has been a useful approach to identify immunodominant and sub-dominant 84 

epitopes for vaccine development in a range of viruses; Ebola virus [53,54], swine influ- 85 

enza virus [55], bovine herpesvirus-1 [56], equine arteritis virus [57] and porcine repro- 86 

ductive and respiratory syndrome virus [58]. 87 

The aim of this study was to identify shared and unique immunogenic epitopes of 88 

the S glycoprotein of three major circulating strains of IBV. We used CLIPS arrays based 89 

on the peptides from the S1 of IBV serotypes, QX, 4/91 and M41. Screening of the peptide 90 

arrays was performed with sera from chickens immunised with recombinant IBV, gener- 91 

ated in two independent homologous and heterologous vaccination-challenge trials 92 

[20,59]. Due to the isogenic recombinant IBV backbone used for the expression of the S 93 

glycoprotein, this ensured that all other structural and non-structural proteins were simi- 94 

lar and did not influence the induction of antibodies. This approach allows us to identify 95 

linear and conformational epitopes present on the IBV S1 glycoprotein and distinguish 96 

those which are shared amongst serotypes and those which are specific to certain sero- 97 

types.   98 
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2. Materials and Methods 99 

2.1. Ethical statement 100 

All animal experimental protocols, referenced to here, were carried out in strict ac- 101 

cordance with the UK Home Office guidelines and under license granted for experiments 102 

involving regulated procedures on animals protected under the UK Animals (Scientific 103 

Procedures) Act 1986. The experiments were performed in The Pirbright Institute Home 104 

Office licensed (X24684464) experimental animal house facilities and were approved by 105 

the animal welfare and ethical review committee under the terms of reference HO-ERP- 106 

01-1. 107 

2.2. Homologous and heterologous vaccination-challenge trials: sera for epitope mapping 108 

The chicken sera used to screen the synthetic CLIPS-peptide arrays were generated 109 

from two independent in vivo vaccination/challenge experiments of specific pathogen free 110 

(SPF) Rhode Island Red chickens with recombinant IBV (based on Beau-R backbone), as 111 

described in [20,59]. Briefly, in the first trial chickens were vaccinated with rIBV Beau-R 112 

expressing M41 S1 [BeauR-M41(S1)] or QX S1 [BeauR-QX(S1], then challenged with the 113 

homologous strain, M41 or QX [20,60,61]. All polyclonal sera used in the peptide screening 114 

were collected at 14 days post-challenge (dpc), contained IBV-specific antibodies and ex- 115 

hibited a degree of neutralising activity [20]. To permit the investigation of epitopes 116 

shared amongst IBV serotypes and elucidate their role in cross-protection, serum was also 117 

generated from a heterologous vaccination-challenge trial [59]. Briefly, chickens were vac- 118 

cinated with rIBV Beau-R expressing M41 S [BeauR-M41(S)] or 4/91 S [BeauR-4/91(S)], fol- 119 

lowed by a homologous or heterologous secondary vaccination with either M41 or 4/91 120 

and then challenged with heterologous strain QX [27,59,62]. 121 

2.3. Synthesis of CLIPS-peptide arrays 122 

The CLIPS-peptide arrays were synthesised by Pepscan Presto BV (The Netherlands). 123 

Three different arrays were generated based on the S1 sequence of three economically 124 

important strains of IBV, M41-CK (Massachusetts serotype), 4/91 (793B serotype; UK) and 125 

QX-like (L1138). The 15-mer peptides, derived from the target S1 sequences, were posi- 126 

tioned on the arrays, with the secondary structure and CLIPs technology used to inform 127 

positioning to simulate both linear and conformational epitopes. The linear 15-mer pep- 128 

tides were offset by one residue and additionally chemically constrained via the CLIPS 129 

technology into loop, helical or coil constructs. The three IBV S1 peptide arrays contained 130 

helical (1564), coil (1553), linear (1574) and loop (1574) constructs with one array per sero- 131 

type (Table 1).   132 

2.4. Serum screening of CLIPS-peptide arrays 133 

The CLIPS-peptide arrays were incubated with chicken serum or S-specific mouse 134 

monoclonal antibodies (mAbs) (Table 2). Each individual serum sample was diluted to an 135 

optimal dilution (in range of 1:1,000-1:20,000) in order to reduce background signal. All 136 

samples were diluted in PBS with 5% bovine-serum albumin (BSA) and horse serum (HS), 137 

and incubated on the peptide arrays overnight at 4°C. High-stringency conditions, with 138 

the inclusion of both BSA and HS in the sample, blocking and wash buffer, were used in 139 

order to optimize signal-to-noise ratios in each independent experiment. After washing 140 

with PBS (5% BSA and HS), peptide arrays were incubated with either goat anti-chicken 141 

IgY (H+L) HRP conjugated (Southern Biotech) or mouse anti-chicken IgY (H+L) HRP con- 142 

jugated (Antibodies Online, ABIN2704014) for 1 h at 25°C. After washing with PBS (5% 143 

BSA and HS), the peroxidase substrate 2,2’-azino-di-3-ethylbenzthiazoline sulphonate 144 

(ABTS) and 20 µl/ml of 3% hydrogen peroxide was added. After 1 h, colour development 145 

was measured and quantified with a charge-coupled device (CCD). The values obtained 146 

from the CCD camera ranged from 0 to 3000 mAU. 147 
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2.5. Quality control assessment of CLIPS-peptide arrays 148 

To validate the specificity of the synthesized CLIPS-peptide arrays, expressing IBV 149 

peptides, two negative mAbs, CVI-TGEV-57.9 specific for the S protein of TGEV [63]  and 150 

Herceptin™, were screened against the three IBV peptide arrays under conditions similar 151 

to those used for test serum samples. A panel of eight mAbs, which had previously been 152 

generated against the S1 region of IBV D207 strain (Table 2), some of which had virus 153 

neutralization activities and whose recognition sites were distributed across the defined 154 

antigenic regions of S1 from IBV D207 strain [17,21,22], were used to evaluate the speci- 155 

ficity of the three CLIPS-peptide arrays based on IBV S1 of M41, 4/91 and QX. 156 

2.6. Analysis of predicted epitope sequences 157 

Intensity profiles were examined for each individual chicken serum sample, tested 158 

on all three (M41, QX and 4/91) IBV S1 peptide arrays and screened against all four types 159 

of constructs: linear, helical, coil and loop. The level of non-specific background staining 160 

was determined on an individual sample level, with a common range of 0-200 AU. Pep- 161 

tides associated with a peak in the absorbance traces were recorded. The intensity of the 162 

antibody binding peaks in the absorbance traces varied at an individual sample level. 163 

Consequently, the levels of non-specific background staining displayed by individual se- 164 

rum samples were taken into consideration and clear discernible peaks in intensity were 165 

evident. Levels of conservancy of peptides selected by antibody binding across serum 166 

samples were assessed. Epitopes were classified as “linear” or “conformational” depend- 167 

ing on the type of peptide construct associated with the peak in absorbance. Peptide bind- 168 

ing profiles of serum samples were compared to identify regions of similarity and differ- 169 

ential binding. Heat map profiles of the binding intensity were constructed using 170 

‘pheatmap’ function (pheatmap package) in R version 3.4.1. Dendrograms between serum 171 

samples were calculated using the Pearson correlation clustering algorithm, based on the 172 

average pairwise distance between all points of each data set and scaled to the intensity 173 

of rows. 174 

2.7. Linear peptide ELISA 175 

To validate antibody binding of the three selected peptide sequences on an individual 176 

capacity, recognition of linear peptides was assessed in a synthetic peptide ELISA. Bioti- 177 

nylated synthetic peptides were synthesized (Eurogentec) based on binding specificity of 178 

the chicken sera with the peptide arrays. The three selected peptides were diluted to 10 179 

µg/ml, and incubated on streptavidin pre-coated plates (Thermo Fisher) overnight at 4°C. 180 

Plates were then washed four times with PBST (0.05% Tween-20). Serum samples were 181 

diluted 1:10 in PBS, applied to plates and incubated for 2 h at 37°C. Plates were re-washed 182 

with PBST and mouse anti-chicken IgY (Clone G-1) (Southern Biotech, γ-chain specific), 183 

diluted 1:1000 was applied and incubated for 1 h at 37°C. Plates were washed with PBST 184 

and HRP-conjugated goat anti-mouse IgG1 tertiary antibody (Southern Biotech) diluted 185 

1:2000 was applied and incubated for 1 h at 37°C. Finally, plates were washed and devel- 186 

oped with 3,3’,5,5’-Tetramethylbenzidine (TMB) substrate (Thermo Fisher) and the reac- 187 

tion was stopped with 2 M H2SO4 and read at 450 nm on microplate reader. 188 

2.8. Conservation of epitope sequences and structural modelling 189 

A bioinformatic analysis to assess the conservation of the identified epitopes amongst 190 

IBV serotypes was performed. Sequence logos were used to determine the sequence con- 191 

servation of the identified epitopes, amongst the three IBV strains studied here, QX, 4/91 192 

and M41, using AliView v1.25 [64]. Sequence logo provides a comprehensive description 193 

of the level of conservancy rather than consensus sequences and can reveal significant 194 

structural and functional features of the epitopes. The structural analysis was performed 195 

by using the co-ordinates of the IBV-M41 spike (PBD ID 6CV0) [15]. The structure was 196 

visualized and manipulated using the program PyMOL 1.8.2.3. 197 
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3. Results 198 

3.1. Construction of the IBV S1 peptide arrays 199 

Constrained linked peptide screening (CLIPS) oligopeptides were synthesised using 200 

various scaffold combinations on a solid surface to produce three individual peptide ar- 201 

rays to permit probing of antibody binding in a high-throughput epitope mapping sys- 202 

tem. These CLIPS were used to produce three peptide arrays based on the known S1 se- 203 

quence of IBV strains; M41-CK, 4/91(UK) and QX(L1148), containing 2093, 2090 and 2082 204 

oligopeptides, respectively. Using BLOSUM62 similarity matrix, the predicted S1 amino 205 

acid sequences of M41-CK and 4/91(UK) are 81.7% identical and 89% similar, M41-CK and 206 

QX(L1148) are 80.8% identical and 89% similar, 4/91(UK) and QX(L1148) are 83.9% iden- 207 

tical and 91.2% similar (Supplementary Figure 1). These complex CLIPS-peptide arrays 208 

were expected to produce different arrangements of the component peptide fragments, 209 

leading to conformational-constrained epitopes similar to those present on the surface of 210 

IBV S trimers. For screening purposes, the CLIPS-peptides are bound to solid supports 211 

where they can fold, or become constrained in higher order structures such as β-sheets, α- 212 

helices and looped structures. Peptide arrays covering the S1 subunit of IBV S glycopro- 213 

tein, from three strains: M41, QX and 4/91 were used to map immunologically important 214 

regions on the protein, in an attempt to identify antigenic regions on the S1 that are shared 215 

amongst IBV serotypes. To mimic linear and conformational epitopes on the surface of 216 

the trimeric glycoprotein, series of CLIPs were synthesised and each peptide was dis- 217 

played on four types of constructs. The construct type and number of CLIPS-peptides in- 218 

cluded in all peptide arrays are presented in Table 1. 219 

Table 1. Type and number of peptides displayed on IBV S1 CLIPS-peptide arrays. 220 

Type CLIPS description1 Number of peptides2 

Linear All overlapping linear 15-mers (offset of one residue) 1574 

Looped 
Constrained linear 15-mers (flanked by Cys residues) on 

mP2 CLIPS 
1574 

Helical 
Constrained 15-mers with additional Cys residues on 

mP2 CLIPS 
1564 

Coils Structured 15-mers with additional Ile residues 1553 

Nomenclature used for residues: Cys = Cysteine, Ile = Isoleucine. 221 
1All target sequences used had an offset of one residue. 222 
2Number of peptides displayed collectively across all three IBV S1 peptide arrays. 223 

As a validation step to assess the specificity of the three peptide arrays based on the 224 

S1 sequence of IBV strains M41, QX and 4/91, the arrays were screened using eight mAbs, 225 

which had been raised against IBV strain D207 [17], and selected based on their neutralis- 226 

ing activity and distribution of their recognition sites throughout the S1 (Table 2). The level 227 

of amino acid similarity between the S1 sequence of D207 and that of M41, 4/91 and QX 228 

are, 77.43%, 78.44%, and 76.58%. 229 

  230 
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Table 2. Serum samples and antibodies used for epitope mapping. 231 

Group Antibody type Antibody raised against Antigenic regione Challenge virus Reference 

Homologous  Polyclonal 

M41(S) N/A 
M41 

[20] M41(S1) 

QX(S1) QX 

Heterologous  Polyclonal 

M41(S)a N/A 

QX [59] M41(S) and 4/91(S)b 

4/91(S)c 

Mock  Polyclonal N/A  N/A N/A [20] 

Mock/challenge  Polyclonal 
N/A 

 

N/A M41 

QX 
[20, 59] 

Monoclonal antibodies 

CVI-IBV-48.1 

IBV strain D207 S1d  

A/B (#N) 

N/A [21,22,65] 

CVI-IBV-48.2 C (#N) 

CVI-IBV-51.2 ND 

CVI-IBV-52.1 E (#N) 

CVI-IBV-62.1 A (#N) 

CVI-IBV-62.8 D (#N) 

CVI-IBV-69.1 A (#N) 

CVI-IBV-69.3 E/F 
a, c Chickens received a homologous secondary boost (which was the same as primary vaccination). 232 
b Chickens received a heterologous secondary boost (which was different to the primary vaccina- 233 
tion).  234 
d Panel of monoclonal antibodies used for array affinity. (#N denotes neutralising activity) 235 
e Antigenic region of IBV M41 S according to [17,21,22]. ND denotes not determined. 236 

 237 

 238 

Three of the eight mAbs tested yielded conclusive binding profiles and epitope can- 239 

didates were proposed (Figure 1a-c). The remaining mAbs (n=5) (Table 2), also bound to 240 

the peptide arrays, albeit with lower intensity and multiple peaks evident, as depicted by 241 

the trace recorded for CVI-IBV-51.2 (Figure 1d). One caveat is that some of the mAbs used 242 

for screening here, have been shown to lose the ability to bind to virus or S1 following 243 

deglycosylation, showing the importance of glycosylation and protein conformation [22]; 244 

therefore, it is likely that the five mAbs shown here to have lower intensity will require 245 

glycosylated targets or a native protein conformation to enhance the level of antibody 246 

recognition. However, three antibodies from the panel had high affinity for the IBV pep- 247 

tide arrays (Figure 1a-c). Monoclonal antibodies CVI-IBV-69.3 (Figure 1a) and CVI-IBV- 248 

48.1 (Figure 1b) recognise overlapping regions near the C-terminus of IBV S1. CVI-IBV- 249 

48.1, in particular, had high affinity for epitopes presented on the S1 M41 array with a 250 

defined sequence, VNQQFVVSGGKL, and only weak positive residual interaction was 251 

observed with peptides derived from 4/91 and QX at corresponding locations (Figure 1b).  252 
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 253 

Figure 1. Recognition of IBV S1 peptide arrays with a panel of IBV mAbs. Representative example 254 
of epitope mapping of four anti-IBV S1 monoclonal antibodies: (a) CVI-IBV-69.3, (b) CVI-IBV-48.1, 255 
(c) CVI-IBV-62.8 and (d) CVI-IBV-51.2 screened against all three IBV S1 peptide arrays. Individual 256 
IBV S1 peptide arrays are labelled according to the specific S1 sequence from which the CLIPS- 257 
peptides were derived. The x-axis is the position of the last residue of a peptide with respect to the 258 
appropriate IBV S1 sequence. Optical density signals obtained via CCD measurement are given in 259 
milli-absorbance units (mAU) for all CLIPS-peptides. All intensity profiles were smoothened using 260 
moving average function with window of three and are depicted for all four construct types dis- 261 
played on each S1 array: coil, helical, linear and loop, which are colour coded as depicted in key for 262 
construct 263 

The recognition site for CVI-IBV-69.3 was conserved across all three IBV S1 peptide 264 

arrays (Figure 1a), however there were two amino acid differences in the defined peptide 265 

sequence: QQFVVSGGK[K/N][L/I]VGIL. CVI-IBV-62.8 mAb recognised multiple CLIPS- 266 

peptides as it strongly bound peptides presented on the M41 S1 peptide array with core 267 

sequence VGTIHGGRVV and the corresponding region NNAGSAHQCTVGVIK on the 268 

S1 QX array, near the N-terminus of the S1 sequence, whereas there was no recognition of 269 

peptides within this region on the S1 4/91 array (Figure 1c). Additional lower intensity 270 

binding peaks were observed with peptides containing sequences TTDVTSAGVYFK (on 271 

both the QX S1 and M41 S1 peptide arrays) and TVSV[S/A]KYPXFKS[F/L]QC on the 4/91 272 

S1 peptide array. Following these steps, the three IBV S1 peptide arrays generated were 273 

shown to have specificity for antibody binding and were subsequently screened with the 274 

polyclonal chicken sera from both the homologous and heterologous vaccination/chal- 275 

lenge trials. 276 

 277 



Viruses 2023, 15, x FOR PEER REVIEW 8 of 26 
 

 

3.2. Array screening with sera from homologous rIBV-vaccinated chickens 278 

To elucidate the profile of recognition of the CLIPS-peptides on the IBV S1 peptide 279 

arrays, individual sera from homologous vaccinated/challenged chickens, collected after 280 

challenge with homologous wild-type virus [20] , were used to screen the arrays (n = 20). 281 

There were two main aims in these screening experiments; (1) assess the antibody speci- 282 

ficity of the polyclonal serum for CLIPS-peptides and (2) identify if there are serotype- 283 

specific epitopes recognised on the S1 of the three IBV strains under investigation. In ad- 284 

dition to the sera from homologous vaccinated/challenged chickens, the three IBV S1 pep- 285 

tide arrays were also screened with pools of sera, collected at 14 dpc, from non-vac- 286 

cinated/non-challenged chickens (“Mock/Mock”) (pool of n = 10 samples) and non-vac- 287 

cinated/challenged chickens for both viruses, [Mock/QX or Mock/M41] (pool of n = 10 288 

samples per challenge group). Intensity profiles for all homologous serum samples were 289 

recorded against each type of construct displayed on the three IBV S1 peptide arrays fol- 290 

lowing screening with pooled Mock/Mock and Mock/challenge only sera (Figure 2a-c) 291 

and the individual sera from homologous vaccinated/challenged chickens (Figure 2d). 292 

 293 

Figure 2. Antibody binding of IBV S1 peptide arrays. Representative examples of epitope mapping 294 
of experimentally derived polyclonal serum against the three IBV S1 peptide arrays: (a) Mock/Mock 295 
= non-vaccinated/non-challenged, (b) Mock/M41 = non-vaccinated/M41 challenge, (c) Mock/QX = 296 
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non-vaccinated/QX challenge, (d) two individual serum samples from the homologous vaccina- 297 
tion/challenged chickens and (e) three individual serum samples from the heterologous vaccina- 298 
tion/challenged chickens. The three IBV S1 peptide arrays are labelled according to the specific S1 299 
sequence from which the CLIPS-peptides were derived. The x-axis is the position of the last residue 300 
of a peptide with respect to the appropriate IBV S1 sequence. Optical density signals obtained via 301 
CCD measurement are given in milli-absorbance units (mAU) for all CLIPS-peptides. The intensity 302 
traces are depicted for all four construct types (coil, helical, linear and loop) displayed on each indi- 303 
vidual S1 peptide array, colour coded as depicted. 304 

Screening of the IBV S1 peptide arrays with the pool of age-matched non-vac- 305 

cinated/non-challenged sera (“Mock/Mock”) showed very little background reactivity of 306 

the CLIPS-peptides (Figure 2a). In comparison, the 14 dpc sera from non-vaccinated/chal- 307 

lenge only controls displayed weak staining with no discernible peaks, across all three of 308 

the arrays (Figure 2b-c). Screening of the IBV S1 peptide arrays with individual sera from 309 

the homologous vaccinated/challenged chickens (Figure 2d) revealed profiles of antibody 310 

binding to CLIPS-peptides with clearly defined peaks for 11 out of the 20 samples 311 

screened. The remaining 9 serum samples from the homologous vaccinated/challenged 312 

chickens did not give rise to clear, defined epitope profiles. This was either due to an ele- 313 

vation in baseline background binding or a lack of recognition of CLIPS-peptides epitope 314 

mimics making it difficult to distinguish specific binding.  315 

Collectively, there were 36 epitope sequences recognised by polyclonal sera from the 316 

homologous vaccinated/challenged chickens (Figure 3a), with 12 and 18 sequences unique 317 

to the M41 S1 and QX S1 peptide arrays, respectively. Across the peptide arrays there were 318 

6 sequences which were shared (i.e. recognised by both homologous serum sets on both 319 

the M41 and QX S1 arrays) (Figure 3a). As there was a degree of overlap between some of 320 

the identified individual epitope sequences, it was necessary to consider epitope regions, 321 

for this purpose the S1 sub-unit could be split into 100 aa epitope regions (termed “A-F”) 322 

covering the N-terminal and C-terminal domains of the sub-unit. 323 

 324 

 325 

 326 

 327 
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Figure 3. Recognition of selected putative epitopes across all three IBV S1 peptide arrays. Poly- 328 
clonal sera classified according to recombinant IBV vaccination trial (a) homologous vaccina- 329 
tion/challenge and (b) heterologous vaccination/challenge. Shaded boxes indicate recognition of 330 
peptide sequence by serum from the specified vaccinated group. Vaccination and challenge virus 331 
received are depicted in italics in the table vertically in “Serum” column as follows; Homologous 332 
vaccination (Vaccination – Challenge) and Heterologous vaccination (Vaccination – Boost – Challenge). 333 
Epitopes were assigned to epitope binding regions (termed “A-F”, split by 100aa due to overlapping 334 
individual epitope sequences) and the amino acid position given at start and end of peptide se- 335 
quence. 336 

3.3. Identification of shared epitopes by screening with heterologous rIBV sera 337 

A second screening experiment of the IBV S1 peptide arrays was performed with the 338 

polyclonal sera collected at 14 dpc from the heterologous vaccination challenge experi- 339 

ment [59] (n = 38). In a similar manner to the homologous serum screening, two additional 340 

pools of age-matched serum controls were used (n = 10 birds per pool): (1) non-vac- 341 

cinated/non-challenged group and (2) non-vaccinated/QX challenge only (Table 2). 342 

Epitope mapping was successful for 23 out of the 38 individual sera from heterologous 343 

vaccination/challenged chickens, with a representative example of the intensity traces 344 

shown in Figure 2e. The level of background binding was variable across the sera from 345 

heterologous vaccinated/challenged chickens, with some samples showing higher back- 346 

ground signals across all three IBV S1 peptide arrays and against the four construct types 347 

displayed on these arrays. As a result, 15 of the heterologous samples screened did not 348 

give rise to clear, defined epitope profiles, either due to an elevation in baseline or a lack 349 

of strong recognition of epitope mimics. From the 22 individual sera from heterologous 350 

vaccinated/challenged chickens, there were 42 epitopes identified across the IBV S1 amino 351 

acid sequences, with a high degree of overlap between the four different heterologous 352 

vaccination/challenged groups (Figure 3b). The highest proportion of epitope sequences 353 

were identified in the homologous boosted, BeauR-M41(S)/BeauR-M41(S), at 34 epitopes, 354 

compared to the other homologous boost, BeauR-4/91(S)/BeauR-4/91(S) (11 epitopes) or 355 

the other two heterologous boosted groups, BeauR-4/91(S)/BeauR-M41(S) and BeauR- 356 

M41(S)/BeauR-4/91(S) with 17 and 13 epitopes identified, respectively (Figure 3b). As all 357 

of these vaccinated groups received the same heterologous challenge with wild-type QX, 358 

50% (21/42) of the epitopes recognised were shared across the IBV strains investigated 359 

here i.e. identified by more than one vaccination group, and the other 50% were identified 360 

by serum from a single vaccination group (Figure 3b). 361 

Collectively, a total of 78 epitope sequences were identified through screening the 362 

IBV S1 peptide arrays with the panel of polyclonal sera from both the homologous and 363 

heterologous vaccinated/challenge vaccination experiments (Figure 3a-b). 364 

3.4. Clustering to investigate epitope binding profiles 365 

All of the sera samples from vaccinated chickens (including samples for which no 366 

defined epitope profiles were distinguished i.e. “unmapped”) were subjected to a cluster- 367 

ing analysis to investigate if any similarities or patterns between the immune recognition 368 

of individual samples were evident (Figure 4).  369 
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 370 

Figure 4. Heat maps showing recognition of peptide sequences by individual 14 dpc serum sam- 371 
ples by binding to the three IBV S1 peptide arrays; QX, 4/91 and M41. Panel (a) shows individual 372 
sera from homologous vaccinated/challenged chickens (n = 20) binding to serotype-specific epitopes 373 
across all three IBV S1 arrays. Panel (b) displays the profiles of individual sera from heterologous 374 
vaccinated/challenged chickens (n = 38) binding to IBV S1 peptide arrays. All serum samples were 375 
collected at 14 dpc. Putative epitope sequences are shared across IBV serotypes. Dendrograms be- 376 
tween serum samples were calculated using Pearson correlation based on the average pairwise dis- 377 
tance between all points of each data set and scaled to the intensity of the rows. The x-axis represents 378 
an individual sera sample. The y-axis represents a single peptide sequence. 379 

In addition, this clustering analysis was performed with an aim towards the identifi- 380 

cation of antibody binding regions on the three S1 peptide arrays which were unique or 381 

shared amongst IBV serotypes. Cluster analysis of the profiles of antibody binding to the 382 

peptide arrays was also performed for the “Mock/Mock” and “Mock/Challenge” controls, 383 

showing little background binding in the “Mock/Mock” and some intensity peaks in the 384 

“Mock/Challenge” serum (Supplementary Figure 2). The binding profiles of the homolo- 385 

gous QX serum on both the M41 S1 and 4/91 S1 peptide arrays showed strong cross-reac- 386 

tivity, depicting a number of shared epitopes displayed on both the M41 and 4/91 S1 sub- 387 
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units and a limited number of unique areas (Figure 4a, Supplementary Figure 3). Cluster 388 

analysis of the heterologous challenged serum permitted a deeper investigation into anti- 389 

genic regions on the IBV S1 subunit shared amongst serotypes. A high degree of overlap 390 

was revealed between IBV S1 epitope regions recognised by heterologous challenged se- 391 

rum, with no clear clustering into their vaccination groups (Figure 4b). The vaccination 392 

order or if a homologous or heterologous secondary boost was given did not appear to 393 

induce a difference in the antibody binding profile as there was no definitive grouping 394 

based on these criteria (Figure 4b, Supplementary Figure 4). Undertaking this clustering 395 

analysis allowed further investigation to determine whether the issues with serum sam- 396 

ples that did not give rise to clear, defined epitope profiles (n = 10, homologous vaccina- 397 

tion/challenge and n = 15 heterologous vaccination/challenge) was either due to lower af- 398 

finity for the CLIPs or lack of recognition of the epitope mimics. From comparison of the 399 

epitope binding profiles, it appears that these sera had lower affinity for the CLIPs and 400 

did not reach the same intensity as the other sera from vaccinated chickens (Figures 4a 401 

and 4b). 402 

 403 

3.5. Accessibility and location of IBV spike epitope regions  404 

 405 

Structural modelling of IBV S glycoprotein was conducted to visualize the expected loca- 406 

tion of both the selected epitopes and antibody binding regions identified during the 407 

screening of the CLIPS-peptide arrays (Figure 5a-d). The structural model used here was 408 

built using structural homology based on the cryo-EM of the pre-fusion IBV M41 S (PDB 409 

id: 6CV0) [15]. 410 

 411 
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Figure 5. IBV spike structural modelling. (a) A surface model representation of the IBV M41 spike 412 
trimer is shown in light pink. Epitope regions (A-F) of one of the S1 monomers are coloured as per 413 
key. (b) Structural domains of IBV M41 spike highlighted on one monomer, S1-NTD (19-237aa), S1- 414 
CTD (269-414aa), SD1 (248-269aa, 414-492aa) and SD2 (237-248aa, 492-567aa). (c) Trimeric surface 415 
and (d) structural model of IBV M41 spike with three selected epitopes highlighted with colour 416 
coding as per; Epitope 1 (Blue), Epitope 2 (Red), Epitope 3 (Black). The model was built using struc- 417 
tural homology based on the cryo-EM of IBV M41 spike and structural domains annotated as stated 418 
in [14]. 419 

The overlapping epitopes identified were located throughout the N-terminal and C- 420 

terminal domains of the S1 subunit, as a result epitope binding regions were assigned split 421 

into 100 aa regions) and termed “Epitope regions A-F. Analysis showed that 55% (43/78) 422 

of the epitope sequences identified were regions A-C. Epitope regions A and B are located 423 

across the S1-NTD (19-237 aa), speculated to contain the receptor binding domain (RBD), 424 

the hypervariable regions (HVR1; 38-67aa) and HVR2 (99-141aa) [16,18,65-67] and charac- 425 

teristically are presented as β-sheets (Figure 5a, b, d). Region C overlaps the S1-NTD (200- 426 

269aa) and S1-CTD (269-414aa) and partially into the S1-NTD across 200-237aa (Figure 5a 427 

and 5b). Regions D-F are located in the subdomains (SD1 and SD2) and epitopes were 428 

found in higher order structure of β-sheets and α-helices (Figure 5a-d).  429 

 430 

3.6. Conservancy of selected epitope candidates amongst IBV serotypes 431 

Out of the 78 epitope sequences identified (Figure 3), three sequences were selected 432 

based on their location and the following criteria for further investigation: (1) spatially 433 

separated, (2) located within the S1-NTD (likely to contain the RBD) and (3) any proximity 434 

to the hypervariable regions, HVR1 (38-67aa) and HVR2 (91-141aa), that is associated with 435 

virus-neutralising activity. Epitope sequences selected were as follows: 436 
25YVYYYQSAFRPPNGWHLQGGAYAVVNSTN54 (Epitope 1 - QX), 437 
67TVGVIKDVYNQSVASI82 (Epitope 2 - QX) and 83AMTVPPAGMSWSVS96 (Epitope 3 – 438 

4/91). Sequence logos were used to assess the conservation of individual amino acids in 439 

each identified epitope, with the height of each letter indicating the proportion of se- 440 

quences that contain the residue at that site (Figure 6).  441 

 442 

Figure 6. Conservation of identified peptide epitopes amongst spike glycoprotein of IBV strains, 443 
M41, QX and 4/91. Logo analyses are shown for the frequency of each amino acid within each of the 444 
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three peptides in spike from selected IBV strains. The height of the letter indicates the frequency of 445 
the individual amino acid residue at that site. The residue position in the block is shown on the X- 446 
axis and the information content is shown on the Y-axis. The default colour scheme displaying dif- 447 
ferent amino acids is according to their different chemical properties is as follows: polar amino acids 448 
(G,S,T,Y,) coloured with green, (C,Q,N) coloured with pink, basic (K,R,H) with blue, acidic (D,E) 449 
with red and hydrophobic (A,V,L,I,P,W,F,M) with black. 450 

The majority of residues in 25YVYYYQSAFRPPNGWHLQGGAYAVVNSTN54 451 

(Epitope 1) were shared amongst IBV serotypes; QX, 4/91 and M41, but there were amino 452 

acid substitutions at positions 25, 37, 38, 43, 50, 51-54 (Figure 6a). The epitope denoted as 453 
83AMTVPPAGMSWSVS96 (Epitope 3) was also shared amongst serotypes, with some de- 454 

gree of variation evident in residues and where substitutions occurred (positions 85, 86, 455 

88, 89, 92 and 95) there was changes in amino acid hydrophobicity when serine was in 456 

these positions (Figure 6c). In contrast, 67TVGVIKDVYNQSVASI82 (Epitope 2), appeared 457 

to be serotype-specific with a high level of residue variability, evident with equal 458 

weighting of residues across the peptide sequence (Figure 6b). For the shared epitopes, 459 

Epitope 1 and Epitope 3, the profile of binding to these epitopes displayed on multiple 460 

constructs across all three IBV S1 arrays (QX, 4/91 and M41), with analysis using the clus- 461 

tering methods described earlier, reinforced the conservancy of these specific sequences 462 

across IBV serotypes (Figure 6a-c). 463 

 464 

 465 

Figure 7. Heat maps showing recognition of selected peptide sequences by individual 14 dpc 466 
serum samples from heterologous vaccinated/challenged chickens. All heatmaps show the se- 467 
lected epitope sequence displayed on multiple constructs across the IBV S1 peptide arrays, panel (a) 468 
Epitope 1 and (b) Epitope 3. The y-axis represents a single peptide construct specific displaying the 469 
selected epitope sequence across all three IBV S1 peptide arrays. The x-axis represents an individual 470 
serum sample. Serum samples included individual mapped and unmapped (classified with back- 471 
ground deemed too high to identify clear peaks in intensity traces) samples collected at 14 dpc. 472 
Dendrograms between serum samples were calculated using Pearson correlation based on the av- 473 
erage pairwise distance between all points of each data set and scaled to the intensity of the rows. 474 

Cluster analysis of the binding profiles of the individual sera from heterologous vac- 475 

cinated/challenged chickens to IBV-S1 derived peptides containing Epitope 1 or Epitope 476 

3, shows similarity in the patterns of binding across all three IBV S1 peptide arrays (Figure 477 

7a and 7b). This further supports the conservation of both Epitope 1 and Epitope 3 across 478 

the three IBV serotypes; M41, 4/91 and QX, investigated here.    479 

3.7. Assessment of selected epitopes 1-3 for vaccine candidate potential 480 

Biotinylated linear peptides of epitopes 1-3 were synthesised and used in an ELISA 481 

to validate the recognition of epitopes by sera from vaccinated chickens and evaluate their 482 

potential as vaccine candidates (Figure 8a-c).  483 
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 485 

Figure 8. Recognition of synthetic peptides (representing epitopes 1-3) by sera from heterologous 486 
vaccinated/challenged chickens. Serum anti-peptide titres were assessed by a peptide-based 487 
ELISA. Panel A-C represent epitopes/peptides 1-3, respectively. The sera from heterologous vac- 488 
cinated, Mock/QX and Mock/Mock chickens were diluted 1:40 and corrected for background ab- 489 
sorbance before determination of the recognition of peptides. Individual values and the mean (± 490 
standard error of mean) from each group (n=10) were corrected for background absorbance and 491 
includes three technical replicates/bird. The dashed line indicates the cut-off threshold which was 492 
calculated on the mean value obtained for the Mock/Mock group. Statistical differences between 493 
groups were evaluated using Kruskal-Wallis with correction for Dunns’s multiple comparison tests 494 
to Mock/Mock, where ** denotes a significant difference, p<0.05. 495 

Epitope 1 was recognised by sera from all vaccinated groups (Figure 8a), although 496 

recognition was highly variable within vaccinated groups and non-significant compared 497 

to Mock/Mock controls (Figure 8a). For Epitope 3, the only vaccinated group to show sig- 498 

nificantly higher titres compared to the Mock/Mock control was the heterologous BeauR- 499 

4/91(S)/BeauR-M41(S) (Figure 8c, p<0.05) with recognition of the peptide being highly var- 500 

iable within the other vaccinated groups and the majority of serum samples having low 501 

to moderate binding. This pattern of low binding was also evident against Epitope 2, with 502 

no significant differences detected across the vaccinated groups in comparison to the 503 

Mock control (Figure 8b). 504 

4. Discussion 505 

In an attempt to address continual issues surrounding cross-protection with IBV vac- 506 

cination, the focus here was on identification and characterisation of immunogenic 507 

epitopes displayed on the S glycoprotein of highly prevalent and economically important 508 

strains of IBV. Sera generated in two rIBV vaccination trials: homologous challenge [20] 509 

and a heterologous trial [59] provided a serum panel to screen epitope arrays of the S1 of 510 

IBV serotypes M41, QX and 4/91. This is the first study, demonstrating application of 511 

screening CLIPs arrays in avian immunology as a tool for mapping antigenic regions of 512 
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the S1 of IBV serotypes M41, QX and 4/91. To reveal epitopes that might be associated 513 

with cross-protection, sera from chickens vaccinated with rIBV were screened with the 514 

peptide arrays. The rIBVs used were isogenic, only differing in the S glycoprotein, ensur- 515 

ing that only antibodies raised against epitopes on the S should differ between chickens. 516 

Screening of serum samples from rIBV vaccination experiments resulted in the detection 517 

of 78 highly immunogenic fragments in the S1 sequences. When these fragments were 518 

mapped onto the structural model of the IBV M41 S, they defined six overlapping epitope 519 

binding regions. Three peptide sequences were selected for further validation and all of 520 

the selected epitopes were recognised to varying degrees by experimentally-derived im- 521 

mune chicken serum from the rIBV vaccinated groups. 522 

Epitope identification in the S glycoprotein across IBV serotypes has been an area of 523 

intrigue for researchers for the past 40 years [17,19,67-70]. Due to the continual failure to 524 

develop effective broad cross-protective vaccines it remains a highly active area of re- 525 

search [71-76]. Over these research studies, many different approaches to identify epitopes 526 

have been undertaken; in silico prediction [73] [69], raising and screening monoclonal an- 527 

tibodies [21,67,68] and phage display peptide-mimetic screening [76]. Some studies have 528 

generated synthetic linear peptides and screened these via ELISA [69-72,74], however a 529 

limitation of this approach is that it cannot identify conformation-dependent epitopes that 530 

may represent important antigenic determinants of the S protein of IBV. Identification of 531 

conformational epitopes is particularly difficult due to the fact that antibody-antigen com- 532 

plexes form with proteins in their native structure. The approach used here overcomes 533 

these limitations with CLIPs peptide arrays displaying multiple-scaffolds, constrained to 534 

mimic native α-helices and β-sheets in the tertiary structure allowing an in-depth study 535 

of key interaction sites in proteins [50]. It is postulated that 90% of epitopes recognised by 536 

B-cells are conformational epitopes and neutralising antibodies are generally produced 537 

against B-cell conformational epitopes [77,78]. CLIPs peptide arrays have proven to be a 538 

useful tool in deciphering both linear and conformational epitopes displayed on other vi- 539 

ral surface antigens and recognised by B-cells, illustrated with HA of Influenza A virus 540 

[79] and the glycoprotein of Ebola virus [53,54]. 541 

We identified a large panel of both serotype-specific or shared, overlapping, epitopes 542 

displayed throughout the S1 of IBV M41, QX and 4/91 and the presence of multiple im- 543 

munogenic regions on the IBV S1 has been seen previously [17,21]. In 1987, Niesters et al. 544 

[67], found five epitopes on the S of IBV M41, two which predominantly overlapped and 545 

one which was serotype-specific and neutralising. The cross-reactive S1 epitope, 546 
240GYNYGNFSDGFYPFTN255, shown to be conformational independent and in close prox- 547 

imity at the S1/S2 junction [80,81], was also identified by screening CLIPs arrays here. 548 

Two studies focused on the in silico predictions of antigenicity and hydrophobicity of 549 

the S1 of IBV serotypes M41 and 793B, revealed a panel of both B-cell and T-cell restricted 550 

epitopes, of which 7/20 (M41) 5/17 (CR88) and 5/15 (793B) epitopes, respectively, matched 551 

our generated data [73,82]. In our study, we concentrated solely on the identification of B 552 

cell epitopes. Nevertheless, some of the epitopes we identified matched immunogenic 553 

epitopes predicted to be associated with cytotoxic T-lymphocyte (CTL) activity [70,74,75]. 554 

In addition, two serotype-shared B cell epitopes, 25TYVYYYQSAFRPGQGWHLHGGA- 555 

YAV51 and 305YNFNLSFLSSFVYKESDFMYGSYHPSCSFR335, subsequently shown in in- 556 

duce neutralising antibodies were also conserved between these three data sets; [70,74]. 557 

Several attempts to utilise these epitopes in a vaccine construct, with or without the inclu- 558 

sion of immunogenic N protein epitopes, showed that formulation of a multi-epitope 559 

DNA vaccine using these CTL and B-cell epitopes induced strong humoral and cell-me- 560 

diated responses to control IBV challenge, characterised by viral neutralization and CD8 561 

T- cell proliferation assays [70,75,83]. However, there was no direct assessment of the CTL 562 

response, which is of paramount importance for controlling early IBV infection, limiting 563 

viral replication [84] and protection against heterologous challenge was also not demon- 564 

strated [70].  565 
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Interactions between the S1 and S2 subunits are critical for conformation and efficient 566 

fusion of IBV S to host cells, as a single amino acid change in the S2 may influence the 567 

secondary structure [23]. This is further compounded by our previous findings with rIBV 568 

BeauR-M41(S), which was associated with the highest level of ciliary protection compared 569 

to Beau-R expressing M41 S1 or S2 sub-units alone [20]. It is important to note that it is 570 

possible that there are epitopes on S2 that are associated with a broad-spectrum of neu- 571 

tralising activity. However, there is still insufficient evidence that S2 epitopes alone can be 572 

cross-protective, as recognition of linear S2 epitopes was not correlated with serum anti- 573 

body titres or neutralising activity [71]. In addition, the prospective S2 epitope 574 
8NCPYVSYGKFCIKPDGSIST27 identified by Ignjatovic and Sapats [72] was shown to be 575 

poorly conserved across serotypes and synthetic epitopes spanning the IBV S2 were not 576 

recognised across multiple IBV serotypes [69]. Collectively, whilst the S2 has importance 577 

in controlling the quaternary structure of the spike, it is still not confirmed if there are 578 

specific S2 epitopes associated with a broad-spectrum protective response against IBV. 579 

Publication of the cryo-EM structure of M41 [15], allows visualisation of the distribu- 580 

tion and location of the selected epitope sequences in tertiary protein structures and as- 581 

sessment of accessibility. Logically, the accessibility of epitopes found on the native pro- 582 

tein may influence the presentation and affinity of recognition by antibodies. Some of the 583 

mouse mAbs used to validate the arrays showed a lower binding intensity and may bind 584 

to less conserved parts of the spike protein in the different IBV strains or require glycosyl- 585 

ated targets [22]. Using chicken sera, we identified a panel of epitopes, some of which are 586 

presented on the surface of the S glycoprotein, within the receptor binding domain or at 587 

the S1/S2 interface. Immunogenic epitopes found on the S protein of other coronaviruses 588 

can also be shielded from immune recognition either via their “buried” location within 589 

the S or due to glycosylation [85-88]. However, dominant immunogenic epitopes are 590 

found on the S1 subunit, as this is the peripheral fragment of the enveloped S glycoprotein 591 

and in the pre-fusion state is the main target of the immune response responsible for in- 592 

duction of high levels of antibodies [89]. In particular, the receptor-binding domain of IBV 593 

S may contain prime vaccine candidates, due to their ability to induce strong immune 594 

responses, as illustrated with other coronaviruses [35,90,91] and immunization with the 595 

entire RBD (19-237aa) of IBV S might be an alternative vaccination. The HVR1 (38-67aa) 596 

of IBV S contains a neutralising epitope at 24-61aa [18,21,67,80]. We chose three epitope 597 

sequences for further examination based on multiple parameters, including surface acces- 598 

sibility, proximity to the HVR1, and location on the head of the S in the receptor-binding 599 

domain, as they may produce neutralising antibodies. Although some of the epitopes 600 

from the panel identified here coincided well with sites where neutralising antibodies are 601 

experimentally detected to bind, it still remains to be elucidated if they possess neutralis- 602 

ing activity. 603 

Towards the rational design of broad cross-protective vaccines against IBV with high 604 

efficacy and that can elicit strong neutralising responses in hosts, an appealing strategy 605 

would be to target a combination of epitope domains. This approach has been successful 606 

against the MERS-CoV, targeting epitopes which were non-RBD S1-specific, prevented 607 

emergence of escape mutants with amino acid substitutions in the RBD that was reported 608 

with the use of a single mAb [86]. One cautionary note, is that targeting immunodominant 609 

non-neutralising epitopes on the receptor-binding domain may potentiate viral-mediated 610 

immune evasion mechanisms, as depicted with HIV gp120 vaccine design [92-94]. Anti- 611 

body binding to non-neutralising epitopes may block those able to bind to neutralising 612 

epitopes via sterical hindrance, as demonstrated with SARS-CoV, with S1-specific mAbs 613 

blocking the binding of neutralising antibodies to the S protein [95]. 614 

Glycans have an important role in post-translation modifications and protein folding, 615 

with N-linked glycosylation sites in the IBV S protein differentially affecting spike-mem- 616 

brane fusion, viral infectivity and replication [96]. The receptor-binding domain of IBV S 617 

is heavily glycosylated with multiple N-glycosylation sites demonstrated to be essential 618 

for recognition of receptors and binding to host tissue e.g. tracheal sections [66,97,98]. The 619 
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panel of mAbs selected here to assess the specificity of the epitope arrays were initially 620 

raised against the IBV D207 virus [17,21]. Following de-glycosylation of IBV S, the degree 621 

of antibody binding by these mAbs was reduced, indicating that N-glycan residues and 622 

protein conformation were important for antibody recognition [22]. Glycosylation of viral 623 

glycoproteins could be a mechanism of immune evasion via masking with host glycans, 624 

similar to what is evident with the HA of Influenza A Virus [99] and the S of MERS-CoV 625 

[80,100], SARS-CoV-1 [85,101], feline coronavirus [88] and SARS-CoV-2 [102,103]. The het- 626 

erogeneity of the glycans presented on IBV M41 S was shown to exert influence upon viral 627 

replication however no direct link to alterations in neutralising activity were demon- 628 

strated [104]. The role of glycan moieties on the IBV S, whether directly immunogenic or 629 

shielding epitopes has yet to be fully elucidated and warrants further investigation due to 630 

similarities with other coronaviruses. 631 

Based on known characteristics of IBV S and the epitopes identified here, three se- 632 

quences were selected based on the following criteria: (1) spatially separated, (2) in the S1- 633 

NTD (likely to contain the RBD) and (3) any proximity to the hypervariable regions (HVR1 634 

is possibly associated with virus-neutralising activity). These three sequences were se- 635 

lected for further assessment of antibody recognition by synthetic peptide ELISAs. All se- 636 

lected epitopes were recognised to varying degrees by experimentally derived immune 637 

chicken serum from the rIBV vaccinated groups. Variability in host genetics may play a 638 

role in the generation of differential activities of species-specific antibodies to same B-cell 639 

epitopes [105]. As the outbred chicken line used here has heterogeneous histocompatibil- 640 

ity (MHC) haplotypes [106] it is not surprising that there is a variation in recognition of 641 

the epitopes. MHC B-locus haplotypes can influence susceptibility to IBV [107,108]. Inher- 642 

ent differences in the MHC B-locus of chickens can pre-determine correlates of immune 643 

response and resistance to infection, with differences in IBV-specific antibody titres and 644 

IBV viral load seen across different lines [109]. Chickens with MHC haplotype B2 have 645 

significantly higher humoral responses and there were no differences in innate responses, 646 

measured by IFNβ and IFNγ levels, compared to those with the MHC B19 haplotype 647 

[110].  648 

5. Conclusions 649 

In summary, the present study demonstrated the application of screening CLIPs ar- 650 

rays as a useful tool for mapping antigenic regions of the S1 of IBV serotypes M41, QX 651 

and 4/91 in an attempt to identify epitopes that might be associated with cross-protection. 652 

Screening of serum samples from rIBV vaccination experiments resulted in the detection 653 

of 52 highly immunogenic epitopes in the S1 sequences. These epitopes were assigned to 654 

six overlapping epitope binding regions and mapped onto the structural model of the IBV 655 

M41 S. A comparison with existing data on IBV S epitopes showed that some of the 656 

epitopes identified here coincided well with sites where neutralising antibodies are exper- 657 

imentally detected to bind. Notably, our study also validated that synthetic peptide mim- 658 

ics of the three epitope sequences selected for further investigation, due to their accessi- 659 

bility, were recognised, to a varying degree, by complex polyclonal serum. However, the 660 

amino acid residues responsible for controlling the structural conformation and proper- 661 

ties of these epitopes are not yet determined. Therefore, for a true appreciation of the po- 662 

tential of these epitopes to contribute towards the rational design of broad-spectrum IBV 663 

vaccines it is necessary to conduct site-directed mutagenesis to identify changes in residue 664 

binding affinity.  665 

Supplementary Materials: The following supporting information can be downloaded at: 666 
www.mdpi.com/xxx/s1.  Figure S1: Alignment of IBV S1 gene sequences from M41, 4/91 and QX. 667 
Figure S2: Heat maps showing recognition of peptide sequences by pools of Mock, Mock/QX and 668 
individual sera from homologous vaccinated/challenged chickens (14dpc). Figure S3: Heat maps 669 
showing recognition of peptide sequences by binding to IBV S1 arrays by individual mapped sera 670 
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from homologous vaccinated/challenged chickens at 14dpc. Figure S4. Heat maps showing recog- 671 
nition of peptide sequences on IBV S1 arrays by individual mapped sera from heterologous vac- 672 
cinated/challenged chickens at 14dpc.  673 
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