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The  spike  (S)  protein  of the infectious  bronchitis  virus  (IBV)  plays  a  central  role  in  the  pathogenicity,
the  immune  antibody  production,  serotype  and  the  tissue  tropism.  In  this  study,  we  generate  11  mono-
clonal  antibodies  (mAbs)  against  S1 subunit  of  IBV  Sczy3  strain,  and  two  mAbs  1D5  and  6A12  were
positive  in  indirect  ELISA  against  both  His-S1  protein  and  the  purified  whole  viral  antigen.  MAb  6A12
and  1D5  could  recognized  by other  10 IBV  strains  (IBVs)  from  five  different  genotypes,  except  that  1D5
had  a relatively  low  reaction  with  two of  the 10 tested  IBVs.  End-point  neutralizing  assay  performed  in
chicken  embro  kidney  (CEK)  cells  revealed  that  the  neutralization  titer  of  6A12  and  1D5  against  Sczy3
reached  1:44.7  and  1:40.6,  respectively.  After  screening  a  phage  display  peptide  library  and  peptide
eutralizing antigenic epitope scanning,  we  identified  two  linear  B-cell  epitopes  that  were  recognized  by the  mAbs  1D5  and  6A12,
which  corresponded  to the  amino  acid sequences 87PPQGMAW93 and 412IQTRTEP418,  respectively,  in  the
IBV  S1  subunit.  Sequences  comparison  revealed  that epitope 412IQTRTEP418 was  conserved  among  IBVs,
while  the  epitope 87PPQGMAW93 was  relatively  variable  among  IBVs.  The  novel mAbs  and  the  epitopes
identified  will  be useful  for developing  diagnostic  assays  for IBV  infections.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Avian infectious bronchitis (IB) is a highly contagious, acute,
nd economically important disease of chickens. It can infect
ll ages of the chickens and replicate in many tissues, causing
espiratory symptom, diarrhea, reduced weight gain and feed
fficiency, and decline of egg production and quality (Cavanagh,
007). The etiologic agent of IB is the infectious bronchitis virus
IBV), a member of the Coronaviridae family, subfamily coron-
virinae, genus gamma-coronavirus that replicates primarily in the

espiratory tract and also in some epithelial cells of the ileum,
idney, and oviduct (Abd et al., 2009; Benyeda et al., 2010). Cur-
ently, dozens of IBV serotypes and genotypes have been described.
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gricultural University, 46# Xinkang Road, Ya’an, Sichuan 625014, P. R. China,
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Although vaccines are now being used widely and extensively,
outbreaks of IB still occur frequently because of infections with field
strains that differ serologically from vaccine strains (Li et al., 2010;
Zou et al., 2010; Mahmood et al., 2011).

IBV is an enveloped, non-segmented, single-stranded, positive-
sense RNA virus with a genome of approximately 27.6 kb (Boursnell
et al., 1987). The remaining one-third of the genome encodes four
main structural proteins: the spike glycoprotein (S), the small
membrane protein (E), the integral membrane protein (M), and
the nucleocapsid protein (N) (Lai et al., 1981). The S glycoprotein
is a large type I transmembrane glycoprotein that is responsi-
ble for receptor binding and membrane fusion (Cavanagh et al.,
1986). It consists of the N-terminal S1 and C-terminal S2 subunits,
which are generated during post-translational cleavage of S protein
(Jackwood et al., 2001). The S1 subunit is the main protein to induce
the protective antibodies, virus-neutralization antibodies, hemag-

glutination inhibition antibodies, cross-reactivity ELISA antibodies
and cell-mediated immune response (Cavanagh et al., 1997; Wang
et al., 2009; Zhang et al., 2014). The S1 protein is involved in cell
attachment and carries virus-neutralizing and serotype-specific

dx.doi.org/10.1016/j.vetimm.2015.08.008
http://www.sciencedirect.com/science/journal/01652427
http://www.elsevier.com/locate/vetimm
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eterminants. It also plays an important role in tissue tropism and
he degree of virulence of the virus (Casais et al., 2003).

To determine the antigenic epitopes is critical for the vaccine
evelopment and elucidation of the mechanism of virus-antibody

nteractions. It is also important to analyze the antigenic epitopes
f prevalent strains of IBV for better understanding the antigenic
hange of IBV in genetic evolution. The antigenic epitopes of many
iruses have been defined, and there are few reports on the anti-
enic epitope analysis of IBV proteins which have focused mainly
n the S, N and M proteins (Boots et al., 1991; Hu et al., 2007; Seah
t al., 2000; Xing et al., 2009; Yu et al., 2010). In the present work,
Abs against the S1 subunit derived from China isolate of an QX-

ike IBV strain Sczy3 was produced and the neutralizing activity of
ach mAbs was analyzed by neutralizing test on chicken embry-
nated kidney (CEK) cells. The neutralizing antibodies were then
urther used for antigenic epitopes analysis by using phage display
eptide library, and the linear epitopes were analyzed.

. Methods and materials

.1. Cell line and viruses

The myeloma cell line SP2/0 was purchased from the ATCC and
ultured in Dulbecco’s modified eagle medium (DMEM, Gibco BRL,
aisley, UK) with 10% fetal calf serum (FCS, Gibco), and maintained
t 37 ◦C and 5% CO2. IBV Sczy3 strain was isolated in 2009 from a
roiler chickens in Sichuan Province (Zou et al., 2010). Other ten IBV
trains from 5 different genotypes were selected for cross-reaction
nalysis (Table 1, marked with c). Newcastle disease virus (NDV)
nd subtype H9 avian influenza virus (AIV) and subtype H5 AIV anti-
en were selected for specificity analysis. All viruses were isolated
y us before and stored at −70 ◦C, except that the H5 AIV antigen
as purchased from Qingdao Yebio Bioengineering Co., Ltd (Qing-
ao, China). IBV Sczy3 strain was purified using differential velocity
entrifugation.

.2. Prokaryotic expression and purification of the S1
ecombinant protein

The S1 sequence was amplified from Sczy3 viral RNA by
T-PCR using forward primer S1F: 5′-GGATCCTCCATAGCTATG-
CAGCACCTC-3′ with BamHI site (underlined) comprising position
41-162 of S1 coding sequence and reverse primer S1R: 5′-
TCGAGTCACATTAATACTAAGGGCTCCGT-3′ with XhoI site (under-

ined) comprising position 1266-1246 of S1 coding sequence. The
mplified S1 gene was ligated with the prokaryotic expression vec-
or pET-32a (+) and transformed into Escherichia coli BL21 (DE3)
ompetent cell. The transformation cells were induced with 1 mM
sopropyl �-d-1-Thiogalactopyranoside (IPTG), and the recombi-
ant fusion proteins were analyzed by sodium dodecyl sulfate
olyacrylamide gel electrophoresis (SDS-PAGE). The recombinant
roteins were then purified by HisTrap FF crude Columns (GE
ealthcare Life Sciences, Piscataway, NJ, USA) as the manufacturer’s

ntroductions and named as pET-S1.

.3. Preparation of monoclonal antibodies against IBV S1 subunit
rotein

SPF six- to eight-week-old female BALB/c mice were purchased
rom the Chengdu Dossy biological technology Co., Ltd (Chengdu,
hina). Each of five mice was immunized subcutaneously with
00 �g of the purified virus particles with an equal volume of adju-

ant three times at 2-week intervals. Three days after the final
ooster immunizations with 100 �g purified virus, the mice were
acrificed, and spleen cells were harvested and fused with SP2/0
yeloma cells in the presence of polyethylene glycol (PGE1450,
mmunopathology 168 (2015) 49–55

Sigma Chemical Co., St Louis, USA). The cell fusion mix  was
then seeded in 96-well plates with peritoneal macrophages from
non-immunized Kunming mice and cultured in DMEM medium
contained with 20% FBS and 1×hypoxanthine- aminopterin- thymi-
dine (HAT; Sigma, St Louis, USA) for 7-12 days. The hybridoma
culture supernatants of primary clones were screened by whole
viral antigen–based indirect ELISA, and the positive clones were
further subcloned by limiting dilution. After three rounds of sub-
cloning, the positive hybrydoma clones were further tested by
pET-S1-based ELISA and Western blot. The mAbs reacting positively
with both whole viral antigen and recombinant S1 protein in indi-
rect ELISA (hereinafter referred to as anti-S1 MAbs) were used for
further characterization. The hybridomas secreting anti-S1 mAbs
were intraperitoneal injected into the 10-week-old BALB/c female
mice, and the ascite fluids were collected and purified by Protein
L Resin (Genscript Co., Nanjing, China). The mAb classes and sub-
classes were determined by using a mouse monoclonal antibody
isotyping reagents kit (Sigma, St Louis, USA). The specificity and
cross reaction of anti-S1 mAbs were analyzed by indirect ELISA as
the method described before by using other avian viruses (NDV, AIV
H5 and AIV H9) and other genotypes of IBVs (Table 1, marked with
c) as coating antigen, respectively. Two  mAbs, designated as 1D5
and 6A12, were identified and used for further fine-level epitope
mapping.

2.4. Virus neutralization assay

IBV Sczy3 strain was passaged in 9-11-day-old SPF embryonated
chicken eggs for six generations. The kidney of 18-day-old chicken
embryos were dispersed with 0.25% trypsin and seeded in 24-well
plates (Corning Inc., Corning, NY). The chicken embryonated kid-
ney (CEK) cells were maintained in MEM  supplemented with 10%
fetal bovine serum (FBS). The allantoic fluids containing IBV-Sczy3
strain was  used to infect CEK cells at the confluency of 70–80%
and the culture medium was  replaced by MEM  supplemented with
2% FBS. The supernatant was  harvested 40 h post-inoculation and
passaged in CEK cells for 20 generations until the characteristic
cytopathic effect (CPE) such as syncytia was observed. Determina-
tion of the TCID50 of the 20th generation of Sczy3 virus in CEK cells
was conducted as the method of Reed and Muench. For the end-
point neutralizing assay of the anti-S1 mAbs, equal volumes of 100
TCID50 of the 20th generations of Sczy3 and serial 2-fold dilutions
of purified anti-S1 mAbs were mixed and kept at 37◦C for 1 h. 0.2 mL
of the virus-antibody mix  and 0.2 mL  of DMEM with 2% FBS were
then transferred into CEK cells cultures in 24-well plates (6 wells
for each dilutions). The plates were incubated until CPE developed
in virus control group, and the 50% end-point neutralizing titers
were calculated by the method of Reed and Muench.

2.5. Epitope prediction and identification

A commercially available 12-mer, M13  gene 3-based random
peptide phage display library was  purchased from New England
Biolabs inc (Ipswich, MA). This dodecapeptide library contained
2.7 × 109 electroporated sequences (1.5 × 109 pfu/ml). Three suc-
cessive rounds of affinity selection biopanning were carried out
according to the manufacturer’s instruction. Briefly, each 96-well
microtiter plates were coated with mAb  (10 �g/well) in coating
buffer (0.06 M NaHCO3, pH 8.6) for 10 wells at 4 ◦C for overnight,
followed by blocking with blocking buffer (0.1 M NaHCO3 pH 8.6,
5 mg/ml  BSA, 0.02% NaN3) for 1 h at 37 ◦C. 2 × 1011 phages (10 �L
from the original library) were added to a well and incubated
at room temperature for 1 h. The unbound phage particles were

removed by ten successive washes with 0.1% Tween 20 in TBS.
The specifically bound phage particles were eluted by general elu-
tion buffer (0.1 M Glycine-HCl pH 2.2, 1 mg/ml  BSA) and rocked
gently for 20 min  at room temperature. The eluted phages were
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Table  1
Background information of IBV strains used in the present study.

IBV Strain Countrya Yearb Type (Genotype) (Zou et al., 2010) Genbank accession number

CK/CH/SCEM/09Ic China 2009 LX4 GU384207
CK/CH/SCMS/10Ic China 2010 LX4 HM106334
CK/CH/SCYA/10Ic China 2010 Proventriculus-Type HM363027
CK/CH/SCMY/10Ic China 2010 TW-I HM363028
4/91c Vaccine 1992 4/91 AF093794
W93c Vaccine – Mass AY842862
M41c Vaccine 1965 Mass DQ834384
28/86c Vaccine – Mass AY846750
Ma5c Vaccine – Mass AY561713
H120c Vaccine – Mass EU822341
Beaudette C USA 1937 Mass M95169
H52  Vaccine – Mass AF352315
A2  China 1996 CK/CH/LSC/99I-Type EU526388
SAIB14  China unknown JP-Type AF397527
SAIBK  China unknown CK/CH/LSC/99I DQ288927
CK/CH/LSC/95I China 1995 CK/CH/LSC/99I-Type DQ167146
tl/CH/LDT3/03 China 2003 CK/CH/LSC/99I-Type AY702975
DY04  China 2004 CK/CH/LSC/99I-Type GQ265950
DY05  China 2005 LX4 GQ265928
CQ04-1 China 2004 CK/CH/LSC/99I-Type GQ265952
CK/CH/LSD/07III China 2007 LX4 FJ345385
CK/CH/LSD/08I China 2008 LX4 GQ258336
CK/CH/LJS/08 China 2008 LX4 GQ258321
HB08  China 2008 LX4 GQ265934
LX4  China 1999 LX4 AY338732
QXIBV  China 1997 LX4 AF193423
JP8127  Japan 1993 JP-Type AY296744
2575/98 Taiwan 1998 TW-I AY606314
Italy02  Italy 1999 Italy-02 AM260962
J2  China Before 1999 Proventriculus-Type AF286303
Q1  China Before 1999 Proventriculus-Type AF286302
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a Country where the viruses were isolated.
b Year when viruses were isolated.
c Strains used in cross-reactivity test.

mplified in Escherichia coli ER2738 for 4 h and partially purified by
dding PEG 8000 (Sigma, St Louis, USA). After three rounds of pep-
ide selection, ten individual phage clones against each mAb  were
elected and assayed for target binding using an sandwich ELISA
s the method above except that the bound phages were reacted
ith horseradish peroxidase (HRP) –conjugated anti-M13 mono-

lonal (GE Healthcare, USA). The positive phage clones were sent
or sequencing with sequencing primer by 5′-TGA GCG GAT AAC
AT TTC AC-3′.

Two gene fragments containing the predicted S1 gene epi-
opes were amplified by RT-PCR with primer pairs Se1F:
′-GGATC CAAAGTGCGGCTTCCATA G-3′ with BamHI site cor-
esponding to 229-247 of S1 coding sequence and Se1R:
′-CTCGAGTCATTCAGAAAAGTTACAGTGTGCAC-3′ with XhoI site
orresponding to 299-321 of S1 coding sequence, and primer pairs
e2F: 5′-GGATCCGGATTGCTGGTTTA TGTTACTA-3′ with BamHI site
orresponding to 1195-1216 of S1 coding sequence and Se2R:
′-CTCGAGTCA GTGTTGCATTAATACTAAGGGCT-3′ with XhoI site
orresponding to 1250-1272 of S1 coding sequence respectively.
he amplified fragments were linked with pET-32a (+) to gener-
te two recombinant plasmids pET-32a-Se1 and pET-32a-Se2, and
he fusion proteins pET-se1 and pET-se2 were induced with 1 mM
PTG, and analyzed by SDS-PAGE. The fusion proteins were puri-
ed by HisTrap FF crude Columns, and used for further ELISA and
estern-blot analysis, as previously described (Han et al., 2013).
The conservation of the epitope-containing sequences of IBV

trains of different genotypes was further analyzed. The S1 subunit
rotein genes from the 32 IBV strains were retrieved from Gen-
ank (Table 1). Phylogenetic analysis of the nucleotide sequences

howed that the analyzed strains belong to eight different geno-
ypes. Analysis of the epitope-containing sequences of IBVs were
erformed using the MegAlign application in the Lasergene soft-
are package.
3. Results and discussion

3.1. Expression and purification the recombinant fusion protein
pET-S1

The result of SDS-PAGE analysis demonstrated that the recombi-
nant S1 subunit protein pET-S1 was successfully expressed in BL21
strains. The purified recombinant protein pET-S1 could react with
anti-Sczy3 mouse polyclonal serum in Western blot. The size of
the recombinant fusion protein was  estimated to be approximately
57.5 kDa including the amino acids encoded by the vector. (data not
shown).

3.2. Cultivation of CEK-adapted IBV Sczy3 strain

The allantoic fluids containing IBV Sczy3 strain was used to
infect CEK cells, and the supernatant of CEK cells was harvested
40 h post-inoculation and passaged blindly. After being serially pas-
saged in CEK cultures for 5 generations, specific CPE (syncytium) of
IBV infection could be observed at 18 h post infection in the CEK
monolayers cells, suggesting the CEK-adapted strain of Sczy3 was
generated successfully. As the passaging continues, the time when
syncytia appeared became earlier, and more and more syncytia
were observed. The TCID50 of the 20th generation of Sczy3 strain
was calculated as 10−5.64/0.2 ml  (data not shown).

3.3. Two MAbs with neutralizing activity against S1 subunit of
IBV Sczy3 strain were generated
11 hybridoma cell lines producing antibodies against the Sczy3
virus were established. Among them, two hybrydoma clones
reacted positively with both whole viral antigen and recombinant
S1 protein in indirect ELISA and Western blot, and were designated
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Fig. 1. Fine mapping of the epitope for MAb  1D5 in S1 protein of Sczy3. The sequences of 12 peptides displayed by the selected phage clones were shown. A consensus
sequence, 87PPQGMAW93, displayed by the 9 phages had a good match with the S1 protein of Sczy3 at amino acids 87-93 (A). The reactivity of MAb 1D5 with a truncated
recombinant S1 protein pET-se1 (B) by indirect ELISA (C) and Western blot were illustrated (D).
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Times of the clone sequences occurred.

s 1D5 and 6A12. 1D5 and 6A12 were injected into BABL/c mice to
enerate ascites. Isotyping revealed that the mAbs 1D5 and 6A12
ere of the IgM class. In addition, these two mAbs could specifically

eact with IBV but not with NDV, AIV H5 or H9. The cross-react anal-
sis revealed that the mAb  6A12 and 1D5 could cross-react with
ther 10 IBV strains in five different genotypes, except that mAb
D5 had a relatively low cross-reaction with CK/CH/SCYA/10I and
K/CH/SCMY/10I, indicating that these two MAbs especially 6A12
ould be used for the establishment of diagnostic assays such as
ndirect immunofluorescence assay (IFA) and antigen capture ELISA
AC –ELISA) against IBVs. End-point neutralizing assay of anti-S1

Abs showed that the neutralization titer of 1D5 and 6A12 were
:40.6 and 1:44.7, respectively (data not shown), indicating that
hese mAbs had the potential for immunotherapy.

.4. Epitope prediction and identification

To identify the epitopes recognized by the neutralizing mAbs
D5 and 6A12, biopanning of a 12-mer random peptide library

as performed using affinity purified MAbs. After three rounds

f biopanning, 10 individual positive phage clones of each mAbs
ere isolated. Their reactivities were assessed with mAbs by phage

LISA, the results showed that 9 single phage displayed peptides
bound to mAb  1D5 and 10 to mAb  6A12 (OD450 > 0.47). The BSA
control wells were no interaction (OD450 < 0.15). The positive
phage clones against 1D5 and 6A12 were selected for sequenc-
ing of single-stranded DNA inserts. For 1D5, sequence alignment
showed that seven phage clones shared the same sequence: ALW-
PPQGHAWVP, one clone had the sequence HGENPPSGMAWV, and
the final clone had the sequence HGVNPPSGMAWV. For 6A12, 8
clones shared the same sequence: HIQTRLEPQWKS, and one clone
had the sequence: HGIQTATEPQWS, the last one clones had the
sequence: HTLQTRTPPQSP. Comparison of these sequences with
the sequence of S1 protein of Sczy3 (GenBank Accession No:
GU384206) showed that homology of 1D5 occurred at amino acids
87PPQGMAW93, and 6A12 occurred at amino acids: 412IQTRTEP418

(Figs. 1A and 2A).
Fragment containing the predicted epitopes of S1 protein were

then expressed and purified (Figs. 1B and 2B). Indirect ELISA and
Western blot analysis confirmed that purified recombinant pro-
teins pET-se1 and pET-se2 could interact with mAb  1D5 and mAb
6A12, respectively, and also could interact with mice hyperimmune

sera of Sczy3 ((Fig. 1C, 1D, 2C and 2D).

Alignment of the sequences coding for the motif
(87PPQGMAW93 and 412IQTRTEP418) on the S1 protein of IBV
strains of other genotypes showed that all positions in the
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Fig. 2. Fine mapping of the epitope for MAb  6A12 in S1 protein of Sczy3. The sequences of 12 peptides displayed by the selected phage clones were shown. A consensus
sequence, 412IQTRTEP418, displayed by the 10 phages had a good match with the S1 protein of Sczy3 at amino acids 412-418 (A). The reactivity of MAb  6A12 with a truncated
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ecombinant S1 protein pET-se2 (B) by indirect ELISA (C) and Western blot were ill
:  times of the clone sequences occurred.

otif 412IQTRTEP418were conserved among most IBV strains,
ut the positions in the motif 87PPQGMAW93 were relatively
ariable, especially among the genotypes of CK/CH/LSC/99 I-type,
roventriculus-type and the TW-type (Fig. 3). This sequence
lignment result was consistent with the result of cross-reaction
est which showed that mAb  6A12 had a better reaction with other
0 IBV strains from five different genotypes than mAb  1D5.

The identification of antigenic site for the IBV structural S1
ubunit was limited. In the early studies, sequence analysis was
ommonly used to predict the antigenic site, and diverse meth-
ds were conducted to identify the antigenic site, but most of the
dentified antigenic sites were not finely mapped (Hu et al., 2007;
gnjatovic and Sapats, 2005; Kant et al., 1992; Parr and Collissor,
993; Wang et al., 1995). Recently, RPPD libraries were used to
ap  the antigenic site more elaborately. Han, (2013) identified two

ovel linear B-cell epitopes 242FGPRTK247 and 195DLIARAAKI203 of
BV nucleocapsid protein by using a Ph.D.12TM Phage Display Pep-
ide Library and two mAbs (Han et al., 2013). To update, there was
o report of antigenic site mapping in IBV S1 subunit by RPPD

ibrary screening. In this study, we generated 2 mAbs against the
1 subunit protein of IBV and we finely mapped two neutralizing

pitopes 87 PPQGMAW 93 and 412 IQTRTEP 418. To the best of our
nowledge, these 2 epitopes are the first finely mapped neutral-
zing epitopes for the IBV S1 subunit protein. These two epitopes

ere not included in the regions of the previous studies. The reason
ed (D).

of this discrepancy may  be different viruses were used as the anti-
gens for generating mAbs, and the production of mAbs was random.
The strain Sczy3 is classified into LX-4 genotype, and recombinant
analysis of Sczy3 genome demonstrated that Sczy3 was a chimeric
strain derived from QX and H120 (Zhao et al., 2013).

S1 gene is now commonly used as a marker for classification of
IBV. Although highly variable, it remains the first choice for devel-
oping subunit vaccine against IB. Identification of the antigenic site
accurately on S1 gene is critical for the development of subunit
vaccine. In addition, S1 subunit anchors to the external surface of
viral particles, making it to be the antigen more easily be recog-
nized by IBV-specific antibody than other IBV antigens. As there are
still relatively conserved region or epitopes in S1 subunit, S1 could
also be used as targeted antigens in the development of diagnostic
agents.

The availability of the mAbs and their corresponding epitope
containing sequences identified in this study will facilitate the
development of immunological assays for IBVs, although these
2 mAb  can not differentiate field isolates with vaccine strains.
Because of the IBVs available in our laboratory is limited, we  only
tested the reactivity between these two  mAbs with 11 heteroge-

neous IBVs. In the future study, with the isolation of more and
more field isolates of different genotypes or serotypes, the suit-
ability of these two  mAbs especially 6A12 for the development of
immunological assays for IBVs will be tested.
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