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Abstract Little is known about the neutralizing epitopes
in turkey coronavirus (TCoV). The spike (S) protein gene
of TCoV was divided into 10 fragments to identify the
antigenic region containing neutralizing epitopes. The
expression and antigenicity of S fragments was confirmed
by immunofluorescence antibody (IFA) assay using an
anti-histidine monoclonal antibody or anti-TCoV serum.
Polyclonal antibodies raised against expressed S1 (amino
acid position 1 to 573 from start codon of S protein), 4F/4R
(482-678), 6F/6R (830-1071), or Mod4F/Epi4R (476-520)
S fragment recognized native S1 protein and TCoV in the
intestines of TCoV-infected turkey embryos. Anti-TCoV
serum reacted with recombinant 4F/4R, 6F/6R, and
Mod4F/Epi4R in a western blot. The results of a virus
neutralization assay indicated that the carboxyl terminal
region of the S1 protein (Mod4F/Epi4R) or the combined
carboxyl terminal S1 and amino terminal S2 protein (4F/
4R) possesses the neutralizing epitopes, while the S2
fragment (6F/6R) contains antigenic epitopes but not neu-
tralizing epitopes.

Introduction

Turkey coronaviral enteritis is characterized by diarrhea,
anorexia, depression, ruffled feathers, decreased weight
gain and increased mortality [1]. Increased mortality and
uneven flock growth have caused significant economic loss
in the turkey industry in the United States [2], Canada
[3, 4], Europe [5], and Brazil [6]. Infection with TCoV can
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induce humoral and cellular immune responses in infected
turkeys [7, 8]. TCoV-specific antibodies can be detected as
early as 7 days postinfection and reach to a peak at 21 days
postinfection. A virus-specific lymphocyte proliferation
response in spleen cells from TCoV-infected turkeys is also
stimulated significantly [8]. Poults exposed to TCoV were
shown to develop a protective immune response against
challenge with virulent TCoV 20 days after the first
infection, and they showed no clinical signs or shedding of
TCoV in feces [7]. Although TCoV was identified as the
causative agent in the 1970s, there are still no effective
vaccines or treatment to prevent or control TCoV infection.

Turkey coronavirus is an enveloped virus with a linear
positive-sense, single-stranded RNA genome and belongs
to the species Avian coronavirus in the genus Gamma-
coronavirus, subfamily Coronavirinae, family Coronavir-
idae and order Nidovirales. In 2009, the International
Committee on Taxonomy of Viruses (ICTV) replaced the
old classification of coronavirus groups 1, 2, and 3 with the
new designation of three genera in the subfamily Coro-
navirinae [9]. The genus Alphacoronavirus is composed of
eight species: Human coronavirus 229E, Human corona-
virus NL63, Porcine epidemic diarrhea virus (PEDV),
Miniopterus bat coronavirus 1 (bat-CoV 1), Miniopterus
bat coronavirus HKUS, Rhinolophus bat coronavirus
HKU?2, Scotophilus bat coronavirus 512, and Alphacoro-
navirus 1, which includes transmissible gastroenteritis
virus (TGEV), feline coronavirus (FCoV), and canine
coronavirus (CCoV). The genus Betacoronavirus consists
of seven species: Betacoronavirus 1, Human coronavirus
HKUI, Murine coronavirus, Severe acute respiratory
syndrome-related coronavirus (SARS-CoV), Pipistrellus
bat-CoV HKUS, Rousettus bat coronavirus HKU9, and
Tylonycteris bat coronavirus HKU4. In addition to the
species Avian coronavirus, which includes infectious
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bronchitis virus (IBV) and TCoV, the genus Gammacoro-
navirus contains the species Beluga whale coronavirus
SWI [9, 10].

The major structural proteins of TCoV include the
nucleocapsid (N) protein, S protein, small envelope
(E) protein and membrane (M) protein [11]. The S protein
is the largest structural protein of coronaviruses and a
major inducer of neutralizing antibodies [12, 13]. Anti-
bodies to the S protein expressed in mammalian cells,
insect cells, Escherichia coli, or with other viral vectors
can neutralize coronavirus in vitro and provide protection
against lethal virus challenge [13-17]. The spike structure
of coronaviruses is a homotrimer of the S protein, which is
composed of an N-terminal subunit (S1) and a C-terminal
subunit (S2) [18, 19]. S1 forms the globular head and
contains the receptor-binding domain (RBD) for the
determination of host and tissue tropism [20-23]. S2 forms
the stalk of the spike homotrimer, which anchors it to the
coronavirus envelope through a transmembrane domain
containing heptad repeat and fusion peptides [24, 25]. Due
to variations in the S proteins of different coronaviruses
and the methods used to find neutralizing epitopes on the S
protein, no conclusion has been made about the locations
of neutralizing epitopes except that S1 carries more neu-
tralizing epitopes [26-32] than S2 [33-36] in members of
many species.

Many approaches have been used to locate the neutral-
izing epitopes recognized by neutralizing antibodies on the
S proteins of coronavirus. Most of them have involved the
characterization of neutralizing monoclonal antibodies
(MADs) by using competition enzyme-linked immunosor-
bent assays (ELISAs) with a panel of synthesized peptides
[29], by screening phage display libraries [27, 37], or by
characterizing recombinant fragments [28, 30, 33]. In some
studies, neutralizing epitopes were found by analyzing
neutralizing-MAb-resistant virus variants [31, 32, 38, 39].
Some neutralizing epitopes appear to be composed of a
consecutive sequence [29], and some epitopes can only be
brought into close proximity by the folding of the protein
[28, 37]. A single amino acid change within an antigenic
domain of the S1 protein of bovine coronavirus (BCoV)
allows the altered BCoV to escape neutralization [32], and
single amino acid substitutions in the S1 and S2 subunits of
SARS-CoV have resulted in a neutralization-escape phe-
notype [39]. In some studies, the whole sequence of the
target protein was scanned to locate antigenic domains
[27], and in other studies, a specific fragment of the target
protein for epitope mapping was chosen based on previous
references [29], the reactivity of MAD library [40] or the
antigenicity of amino acid sequences calculated by pre-
diction software [28]. Immunodominant fragments con-
taining epitopes have been determined based on their
reactivity with mono- or polyclonal antibodies.
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Identification of neutralizing epitopes on the surface of
the immunodominant S protein is pivotal not only for the
understanding of humoral immune responses induced by
TCoV but also for the development of diagnostic reagents
and effective vaccines for the prevention and control of
turkey coronaviral enteritis. Epitopes can be used as diag-
nostic markers for detection of specific antibodies produced
by virus infection [41]. Furthermore, epitopes can be applied
to many different forms of vaccines, including peptide vac-
cine conjugated with carrier protein and adjuvant [29] or
recombination with different vaccine vectors, such as
attenuated salmonella [42], adenovirus [43—45] or poxvirus
[46, 47]. Because they do not contain the whole virus, epi-
tope-based vaccines do not carry the risk of virulence
reversion that can occur with a live attenuated vaccine.

Our knowledge of antigenicity and neutralization of
structural proteins of TCoV is limited due to difficulties in
growing TCoV in a cell culture system [48, 49]. In this
paper, the antigenic domains containing neutralizing epi-
topes in the S protein of TCoV are identified and
characterized.

Materials and methods
Turkey eggs and poults

Turkey eggs and 1-day-old turkey poults (British United
Turkey of America, BUTA) of both sexes were obtained
from Perdue Farm (Washington, IN, USA). Turkey eggs
were incubated in an incubator (Jamesway, Indian Trail,
NC). Turkey poults were housed in isolated floor pens.
Feed and water were provided ad libitum. The protocol for
care and use of turkey eggs and turkey poults in the present
study was approved and supervised by the Purdue Uni-
versity Animal Care and Use Committee.

Virus stock

TCoV 540 was isolated from the intestines of 28-day-old
turkey poults from outbreaks of acute enteritis in Indiana.
Affected intestines were homogenized with a 5-fold vol-
ume of phosphate-buffered saline (PBS), clarified by cen-
trifugation at 3000 rpm for 10 min at 4°C, and 22-day-old
embryonated turkey eggs were inoculated with 200 pl of
the filtrate via the amniotic route. The embryo intestines
harvested after 3 days of incubation were prepared as a
20% suspension in PBS and homogenized. After centrifu-
gation at 3,000 rpm for 10 min at 4°C, the supernatant was
layered on the top of 30% and 60% sucrose and clarified by
ultracentrifugation in an SW28 rotor at 24,000 rpm for
3 hours at 4°C in an Optima XL-100K ultracentrifuge
(Beckman Coulter, Fullerton, CA, USA). The interface
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between the 30% sucrose and 60% sucrose layers was
collected, placed on the top of a continuous 40-60%
sucrose gradient, and clarified by ultracentrifugation at
24,000 rpm for 20 hours at 4°C. A band of buoyant density
1.16-1.24 g/ml containing the virus was collected and
saved as a virus stock at —80°C and in liquid nitrogen.

RNA and cDNA

Viral RNA was extracted from the purified virus using
RNApureTM reagent (GenHunter, Nashville, TN, USA) and
chloroform and precipitated with cold isopropyl alcohol
and ethanol. cDNA was obtained from the extracted RNA
by reverse transcription, which included 10 min of incu-
bation with the first reaction mixture of RNA, random
primers (100 ng/pl), and 10 mM dNTPs at 70°C, 1 min on
ice, 5 min of incubation at 25°C after adding the second
reaction mixture of 5x first-strand buffer, 0.1 M of DDT,
1U of SuperScript™ III reverse transcriptase, and 40U of
RNaseOUT™ (Invitrogen, Carlsbad, CA, USA) in the first
reaction mixture, 1 hour of incubation at 50°C, and 15 min
of inactivation at 70°C.

Prediction of antigenic sites on the TCoV S protein

Potential antigenic regions on the S protein of TCoV540
were predicted using the EMBOSS: Antigenic program [50,
51], which uses theoretical calculations to estimate the
physicochemical properties of amino acid residues. The
scores are related to the probability that the amino acid
sequence is an antigenic determinant on the basis of
empirical data and the distribution of amino acids.

Construction of TCoV S fragments

Ten sets of sense and antisense primers were synthesized
(Sigma-Aldrich, St. Louis, MO, USA) to amplify frag-
ments covering the whole S protein gene of TCoV540
(Fig. 1). PCR products amplified using different sets of
primers from the cDNA of TCoV540 were purified using a
DNA Clean & Concentrator-5 kit (Zymo Research,
Orange, CA, USA) and cloned into the vector pTriEx3
(Novagen, Madison, WI, USA) to yield the constructs
pTriEx3-S/1R, pTriEx3-12F/3R, pTriEx3-Mod4F/Epi4R,
pTriEx3-4F/4R, pTriEx3-5F/5R, pTriEx3-6F/6R and
pTriEx3-S1, or into vector pcDNA3.1 (Invitrogen, Carls-
bad, CA, USA) to yield the construct pcDNA3.1-Mod4F/
Epi4R. To clone the PCR product into the vector pTriEx3
or pcDNA3.1, the PCR products and the vector pTriEx3 or
pcDNA3.1 were digested with the restriction enzymes Ncol
and Kpnl. The digested products were purified and ligated
to each other using T4 ligase (Invitrogen, Carlsbad, CA,
USA). Competent Top 10 cells were transformed with the
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Fig. 1 Positions of primers used to amplify fragments covering the
whole spike (S) protein of turkey coronavirus (TCoV) isolate 540.
The S protein of TCoV has 1203 amino acids and contains an
N-terminal subunit (S1) and a C-terminal subunit (S2). The predicted
cleavage site is located at amino acid 535. The amino acid (aa)
position presented in the figure is from the start codon on the S protein
gene of TCoV isolate 540 (GenBank accession number EU022525).
The numbers above the names of the forward and reverse primers
represent the position of the first or the last amino acid in the
expressed S fragments

cloned plasmid by heat shock at 42°C for 30 sec. After
adding super optimal broth with catabolite repression
(5.0.C.) medium, the culture was incubated at 37°C for 1
hour and then spread on an LB plate with 100 pg/ml
ampicillin. Colonies were screened by PCR, and the colony
containing the plasmid was amplified and purified using a
QIAprep Spin Miniprep Kit (QIAGEN, Valencia, CA,
USA).

Characterization of constructed plasmids in vitro

COS-7 cells grown in RPMI-1640 medium with 10% fetal
bovine serum were transfected with the constructed plas-
mids using FuGENE® HD transfection reagent (Roche,
Indianapolis, IN, USA) at a ratio of 1:3 of DNA (pg) to
reagent (pl). The transfected cells were harvested after
incubation at 37°C for 72 hours, fixed in acetone, and
washed with PBS. To confirm the expression of cloned S
fragments in transfected COS-7 cells, the cells were incu-
bated with anti-His monoclonal antibodies (MAbs) (EMD,
San Diego, CA, USA) diluted 1:40, followed by fluorescein
isothiocyanate (FITC)-conjugated goat anti-mouse IgG
(H+L) (KPL, Gaithersburg, MD, USA) diluted 1:100. To
determine the antigenicity of the expressed S fragment, the
cells were incubated with turkey anti-TCoV serum diluted
1:40, followed by FITC-conjugated goat anti-mouse IgG
(H+L) (KPL, Gaithersburg, MD, USA) diluted 1:100.

Expression of recombinant S proteins in E. coli

Recombinant 4F/4R, 6F/6R, and Mod4F/Epi4R S frag-
ments were expressed in transformed E. coli induced with
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1 mM isopropyl--D-thiogalactopyranoside (IPTG) for
4 hours at 250 rpm in a shaker at 37°C. The cells were
harvested, and the proteins were extracted using BugBuster
reagent with benzonase and lysozyme (EMD, San Diego,
CA, USA). Recombinant proteins that had aggregated in
inclusion bodies were dissolved in 6 M urea and purified
on Ni2+—charged His-Bind columns (EMD, San Diego, CA,
USA). To confirm their size and purity, the purified 4F/4R
and 6F/6R S fragments were dissolved in reducing SDS-
PAGE sample buffer with ff-mercaptoethanol, subjected to
12.5% glycine SDS-PAGE, and transferred onto a nitro-
cellulose membrane (Millipore, Billerica, MA, USA).
Protein Mod4F/Epi4R, with an expected size of about
10 kD for the dimer, was treated with reducing sample
buffer and loaded into a 16%/6 M urea tricine SDS-PAGE
gel and transferred to a nitrocellulose membrane. The blots
were blocked with 1% bovine serum albumin (BSA)-PBS,
stained with turkey anti-TCoV serum diluted at a 1:400
dilution at room temperature for 1 hour, and inoculated
with 1:400 of horseradish peroxidase (HRP)-conjugated
goat anti-turkey IgG (H+L) antibodies at room tempera-
ture for 1 hour. The substrate, diaminobenzidine (DAB),
was added until the protein bands were visible, and the
reaction was stopped by washing the membrane with dis-
tilled water.

Generation of polyclonal antibodies to TCoV S
fragments

Three experiments were conducted to collect antiserum
against individual S fragments recognizing TCoV540. Sera
were collected for the determination of the antibody level
by ELISA and the virus neutralization (VN) titer by VN
assay. In experiment 1, antiserum against 4F/4R (482-687)
or S1 (1-573) fragment were collected. For the production
of antiserum against the 4F/4R S fragment, two one-week
old specific-pathogen-free (SPF) chickens were inoculated
intramuscularly (IM) with 1 mg of pTriEx3-4F/4R DNA
weekly for 9 weeks and boosted 4 times with the purified
4F/4R S fragment with Freud’s adjuvant one week after the
final inoculation with pTriEx3-4F/4R DNA. Three one-
week-old SPF chickens were inoculated IM 9 times with
the purified 4F/4R S fragment with Freud’s adjuvant at
various intervals for a total of 20 weeks. To produce an
antiserum against the S1 fragment, one-week-old SPF
chickens were injected IM 10 times with 1 or 2 mg of
pTriEx3-S1 DNA. In experiment 2, antiserum against 4F/
4R, 6F/6R (830-1071) or Mod4F/Epi4R (476-520) S
fragment was collected. Two 5-week-old turkeys were
inoculated IM 3 times bi-weekly with 500 pg or 1 mg of
pTriEx3-6F/6R DNA or pTriEx3-4F/4R with the trans-
fection reagent Lipofectin (Invitrogen, Carlsbad, CA,
USA) and boosted 2 times with purified 4F/4R or the 6F/6R
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S fragment with Freud’s adjuvant to produce antiserum
against 6F/6R or 4F/4R S fragment. For production of
antiserum against the Mod4F/Epi4R S fragment, one
5-week-old turkey was inoculated IM 4 times with
pcDNA3.1-Mod4F/Epi4dR DNA. In experiment 3, more
antiserum against 4F/4R, 6F/6R, or Mod4F/Epi4R S pro-
tein was collected. Two-week-old turkeys were inoculated
IM 4 times biweekly with pTriEx3-4F/4R, pTriEx3-6F/6R,
or pcDNA3.1-Mod4F/Epi4R DNA with Lipofectin and
boosted IM once with purified 4F/4R, 6F/6R, or Mod4F/
Epi4R S fragment two weeks after the final inoculation
with plasmid DNA.

Enzyme-linked immunosorbent assay (ELISA)
for antibodies to TCoV S fragments

An ELISA based on recombinant 4F/4R (482-678) S
fragment was used to determine the specific antibody titer
to the Mod4F/Epi4R (476-520) S fragment, 4F/4R S
fragment, or S1 fragment (1-573), and an ELISA using
recombinant 6F/6R (830-1071) S fragment for coating was
used to measure the level of antibody to the 6F/6R S
fragment. Each well of a 96-well NUNC MaxiSorp™
high-protein-binding-capacity ELISA plate (eBioscience,
San Diego, CA, USA) was coated with 2 ng of purified 4F/
4R or 6F/6R S fragment diluted with PBS buffer. The
positive control (PC) serum was turkey anti-TCoV serum
and the negative control (NC) serum was a pool of samples
collected from normal turkeys raised in an isolation room.
All serum samples were diluted 1:200 in dilution buffer
(150 mM phosphate buffer, 0.85% NaCl, 1% BSA, and
0.02% Tween-20) and 100 pl of each diluted serum sample
was added to duplicate wells and incubated at 37°C for
1 hour. After washing five times with PBS buffer with
0.05% Tween-20 (PBS-T), 100 pl of HRP-conjugated goat
anti-turkey or anti-chicken IgG (L+H) (KPL, Gaithers-
burg, MD, USA) diluted 1:40,000 in dilution buffer was
added to each well, and the plate was incubated at 37°C for
1 hour. The plates were then washed five times with PBS-
T, 100 pl/well of tetramethyl benzidine (TMB, Sigma-
Aldrich, St. Louis, MO, USA) was added. After 30 min of
incubation at room temperature, 100 pl/well of 2 N HCI
was added to terminate the color development. The anti-
body titer was expressed as the absorbance value measured
at 450 nm (OD450nm) using a spectrophotometer
(VmaxTM kinetic microplate reader, Molecular Devices
Corporation, Menlo Park, CA, USA).

Titration by immunofluorescence antibody (IFA) assay
on TCoV-infected intestines

Acetone-fixed frozen sections of TCoV-infected intestines
were incubated with serially diluted serum against the S1,
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4F/4R, Mod4F/Epi4R, or 6F/6R S fragment, followed by a
1:100 dilution of FITC-conjugated goat anti-chicken or
turkey IgG (L+H) antibodies. The highest dilution of
antibody giving a positive IFA result is the IFA titer of the
antiserum to TCoV.

Virus neutralization (VN) assay for antibodies to TCoV
S fragments

The serum to be tested was inactivated at 55°C for 30 min
and diluted twofold or fourfold serially. The diluted serum
was incubated with 20 EIDs, of TCoV at 37°C for 1 hour
and sequentially used to inoculate 22-day-old turkey
embryos. After three days, the embryo intestines were
collected and used for IFA with anti-TCoV serum to
determine the infectivity of TCoV. Embryonated eggs
inoculated with serially diluted anti-TCoV serum were
used as a positive control, embryonated eggs without viral
inoculation were used as a negative control, and embryo-
nated eggs were inoculated with virus only were used as an
inoculation control. Three to five eggs were used for each
dilution of each antibody. The accumulated infected ratio
and percentage infected were calculated based on the
results of TCoV detection by IFA in turkey embryo
intestines. The VN titer is the dilution of antibody that can
neutralize TCoV and inhibit infection with TCoV in 50%
of embryonated eggs.

Results
Antigenicity of TCoV S protein fragments

Amino acid sequence alignment showed that the TCoV S
protein has low homology to those of other coronaviruses,
even to IBV, which belongs to the same groups (group 3)
of coronaviruses. Using the EMBOSS:Antigenic program,
the top 10 predicted antigenic sites were identified in both
the S1 and S2 regions (Table 1). Therefore, 10 fragments
covering the whole S protein gene were designed and
cloned into plasmid vectors. The expression of each
cloned S protein gene fragment with a His-tag in plasmid-
transfected COS-7 cells was confirmed by positive
immunofluorescent signals with anti-His monoclonal
antibody. The protein expressed in COS-7 cells from
transfected plasmid DNA coding for the S1 fragment
(1-573),4F/4R (carboxyl terminus of S1 and amino ter-
minus of S2 protein, 482-678), Mod4F/Epi4R (carboxyl
terminus of S1 protein, 476-519), and 6F/6R (S2 protein,
830-1071) showed positive reactivity with anti-TCoV
serum in the IFA, indicating that the fragments S1, 4F/4R,
Mod4F/Epi4R, and O6F/6R contain antigenic epitopes
(Fig. 2). Recombinant 4F/4R (26kD), 6F/6R (31 kD), and

Table 1 Antigenic regions predicted by EMBOSS: Antigenic regions
in the spike (S) protein of turkey coronavirus (TCoV) isolate 540. The
scores are based on the possibility that the amino acid sequence is an
antigenic determinant, calculated by a semi-empirical method using
physicochemical properties of amino acid residues. The amino acid
sequence was deduced from the S sequence of TCoV 540 (GenBank
accession number EU022525)

Predicted antigenic regions in the spike protein of TCoV540

Rank Score Region Length
1 1.302 376-391 16
2 1.262 4-25 22
3 1.258 1133-1177 45
4 1.204 957-985 29
5 1.185 476-511 36
6 1.181 570-602 33
7 1.177 604-645 42
8 1.175 361-368 8
9 1.172 735-765 31
10 1.171 32-45 14

Mod4F/Epi4R (10 kD for the dimer) S fragments fused
with C-terminal His-tag expressed in E. coli and purified
by His-Bind columns were detected using anti-TCoV
serum (Fig. 3).

Antibody generation by priming with TCoV
S-fragment-expressing DNA and/or boosting
with the corresponding recombinant protein

Turkeys and chickens were immunized with TCoV S
fragments that reacted to anti-TCoV serum, and the level
of antibodies to TCoV S fragment in their sera was
tested weekly by ELISA. The purified 4F/4R S fragment
induced the highest level of antibody when compared to
that induced by immunization with pTriEx3-S1 DNA or
pTriEx3-4F/4R alone in SPF chickens. After boosting
with purified 4F/4R S fragment in the chicken inoculated
previously with pTriEx3-4F/4R DNA, the antibody level
increased dramatically to a level similar to that elicited
by the purified 4F/4R S fragment. The ELISA OD450nm
value of antibody reached and remained at the highest
point two weeks after two doses of purified 4F/4F S
fragment in experiment 1. The highest OD450nm value
of TCoV 4F/4R or 6F/6R S fragment-coated ELISA was
obtained from turkeys primed with pTriEx3-4F/4R DNA,
pTriEx3-6F/6R, or pcDNA3.1-Mod4F/Epi4R and boos-
ted once with purified 4F/4R, 6F/6R, or Mod4F/Epi4R
S fragment in experiments 1 and 2. Immunization six
times with pcDNA3.1-Mod4F/Epi4R DNA induced
antibodies at only a slightly higher level than the negative
control.
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Fig. 2 Antigenicity of spike
(S) protein fragments of turkey
coronavirus (TCoV). IFA
results with untransfected COS-
7 cells as a negative control or
cells transfected with various
plasmids encoding fragments
covering the whole S protein of
TCoV are shown. The positive
IFA result obtained with mouse
anti-His monoclonal antibodies
(Anti-His MAbs) indicates
expression of recombinant
protein fused with a His-tag
from the transfected plasmid in
COS-7 cells. The positive IFA
result obtained with anti-TCoV
serum indicates that the
expressed S fragment from the
transfected plasmid contained
antigenic epitopes. (a) Summary

(a)
Plasmid encoding S fragment in transfected COS-7 cells
S/TriS1R2
IFA with S/1R 12F/3R | 34F/3R | Mod4F/EpidR | 4F/4R (S1)
Anti-His MAbs Pos. Pos. Pos. Pos. Pos. Pos.
Anti-TCoV serum | Neg. Neg. Neg. Pos. Pos. Pos.
Am.lgemc No No No Yes Yes Yes
epitopes
Plasmid encoding S fragment in Transfected
COS-7 cells
IFA with TriS2F/4R | 5F/5R 6F/6R QSIF/SR | Negative control
Anti-His MAbs Pos. Pos. Pos. Pos. Neg.
Anti-TCoV serum Neg. Neg. Pos. Neg. Neg.
Anl.lgemc No No Yes No No
epitopes

of IFA results for anti-His
MAbs or anti-TCoV serum
reacting with COS-7 cells (b)
transfected with various
plasmids encoding TCoV S
fragments.

(b) Photomicrography of
untransfected COS-7 cells as
negative acontrol or cells
transfected with various
plasmids encoding TCoV S
fragments in an IFA with anti-
His MAbs or anti-TCoV serum.
Magnification, 400x

Negative control

Negative control

Characterization of polyclonal antibodies to TCoV S
protein fragments

The polyclonal antibodies produced by priming with
plasmid DNA encoding the TCoV S fragment and/or
boosting with the corresponding purified S fragment were
characterized by western blotting and IFA. The denatured
form of 4F/4R, Mod4F/Epi4R, or 6F/6R S fragments
purified from E. coli reacted with the antiserum induced by
priming with DNA pTriEx3-4F/4R and boosting with the
4F/4AR S fragment, pcDNA3.1-Mod4F/Epi4R with the
Mod4F/Epi4R S fragment, or pTriEx3-6F/6R with the 6F/
6R S fragment in a western blot. The native form of the S1
protein expressed in COS-7 cells transfected with DNA
plasmid pTriEx3-S1 could be recognized by the antiserum
raised by priming with DNA pTriEx3-S1 or pTriEx3-4F/
4R, with or without the boost using the 4F/4R S fragment.
Neither the transfected nor the untransfected cells treated
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Mod4F/Epi4R

IFA results with anti-His monoclonal antibodies (MAbs)
Mod4F/Epi4R

4F/4R S/TriS1R2 (S1) 6F/6R

IFA results with anti-TCoV serum

4F/4R S/TriS1R2 (S1) 6F/6R

with a normal serum showed a positive signal (Table 2a).
Positive fluorescent signals were found in the epithelial
cells of TCoV 540-infected turkey intestines prepared in
frozen sections after incubation with the antiserum with the
highest ELISA OD450nm value. The IFA titer is the
highest dilution of the antiserum that can recognize TCoV
in the sections of frozen intestines from TCoV-infected
turkey embryos. In experiment 1, the IFA titer of antiserum
raised by priming with pTriEx3-4F/4R DNA and boosting
with 4F/4R S protein, pTriEx3-4F/4R DNA alone, or
pTriEx3-S1 DNA alone was 640, 80, and 160, respectively.
In experiment 2, the antiserum produced by priming with
pTriEx3-4F/4AR DNA and boosting with the 4F/4R S
fragment, pcDNA3.1-Mod4F/Epi4dR DNA alone, and
priming with pTriEx3-6F/6R DNA and boosting with the
6F/6R S fragment had the same IFA titer, 640. In experi-
ment 3, the antiserum produced by priming with pTriEx3-
4F/4R DNA and boosting with the 4F/4R S fragment had a
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Fig. 3 Recombinant 4F/4R (amino acid position 482-678), 6F/6R
(830-1071), and Mod4F/Epi4R (476-520) spike (S) proteins of turkey
coronavirus (TCoV) expressed in E. coli and purified on His columns
can be recognized by anti-TCoV serum in a western blot assay.
(a) Recombinant 6F/6R and 4F/4R S proteins transferred from a
12.5% glycine SDS-PAGE gel to a nitrocellulose membrane were
stained with 1:400-diluted anti-TCoV serum, followed by 1:400-
diluted horseradish peroxidase (HRP)-conjugated goat anti-turkey
IgG (H+L) secondary antibodies. The arrows point to 6F/6R S
protein at 31 kD and 4F/4R S protein at 26 kD. (b) Recombinant
Mod4F/Epi4R S protein transferred from a 16%/6 M urea Tricine
SDS-PAGE gel to a nitrocellulose membrane was stained with 1:400-
diluted anti-TCoV serum, followed by 1:400 HRP-conjugated goat
anti-turkey IgG (H+4L) secondary antibodies. The arrow points to a
dimer of Mod4F/Epi4R S protein at 10 kD

higher IFA titer (400) than the IFA titer (200) of antiserum
produced by priming with pTriEx3-6F/6R DNA or
pcDNA3.1-Mod4F/Epi4R and boosting with 6F/6R or
Mod4F/Epi4R S fragment (Table 2b). This indicates that
antibody to 4F/4R, 6F/6R, or Mod4F/Epi4R S protein can
recognize TCoV.

Neutralization activity of polyclonal antibodies
to TCoV S protein fragments

The neutralization activity of polyclonal antibodies was
determined by VN assay to see if the antibodies could
inhibit the infection of TCoV in turkey embryonic intes-
tines. The antiserum against 4F/4R or the Mod4F/Epi4R S
fragment showed neutralization activity, while the antise-
rum against the 6F/6R S fragment and normal turkey serum
could not inhibit the infection of TCoV in turkey

embryonic intestines. To normalize for variations between
the different batches of embryonated turkey eggs used in
the VN assay, anti-TCoV serum used as the assay control
serum was tested every time, and the ratio of VN titer in
log, between the anti-TCoV serum and the antiserum
against the S fragments was calculated and compared
between assays. The highest ratio of VN titer in logy
against TCoV was 0.93 between the anti-TCoV serum and
the antiserum against the 4F/4R S fragment, and 0.81
between the anti-TCoV serum and the antiserum against
the Mod4F/Epi4R S fragment collected in experiment 2
(Table 3). This indicates that there are neutralizing epi-
topes within deduced amino acid position 476 to 519 from
the start codon of the TCoV S protein.

Discussion

By screening S protein fragments of TCoV expressed in
eukaryotic cells using polyclonal antibodies against TCoV
S fragments, a region at the carboxyl terminus of the S1
protein (Mod4F/Epi4R) was found to contain neutralizing
epitopes. The antiserum raised in turkeys using Mod4F/
Epi4R S fragment recognized the denatured S protein and
the whole virus in turkey intestines infected with TCoV. To
the best of our knowledge, this is the first report to address
the S protein domain containing the neutralizing epitopes
in TCoV.

B-cell antigenic epitopes on the S protein of IBV have
been identified, and these epitopes induce virus-neutraliz-
ing antibodies and confer protection against virulence
viruses [29, 31]. Since the genetic identity between S
protein of TCoV and S protein of IBV is low [52], the
information about antigenic epitopes on the S protein of
IBV may not applicable for TCoV. From the findings of the
present study, the antigenic domain containing the neu-
tralizing epitopes was located at the carboxyl terminus of
the S1 protein, similar to what was found with IBV [29].
This implies that the S protein of TCoV must have a
structure similar to that of the S protein of IBV, although
the amino acid sequences in the antigenic region containing
the neutralizing epitopes only shared 30% genetic identity
between TCoV and IBV. However, the amino acid identity
of the same region is more than 90% among TCoV isolates
from Indiana, Minnesota, North Carolina, and Texas [52].
In a previous antigenicity study of 18 different TCoV
isolates from various geographic areas in the U.S., TCoV
isolates reacted to polyclonal antibodies to different TCoV
isolates and the IBV Massachusetts strain as well as
monoclonal antibodies to the M protein of IBV, but not
to the S protein of IBV [2]. However, virus cross-
neutralization assays with TCoV/IN-517/94, TCoV/VA-
74/03, and TCoV/TX-1038/98 showed very little
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Table 2 Characterization of polyclonal antibodies induced by the TCoV S fragments S1, 4F/4R, Mod4F/Epi4R, and 6F/6R

(@)
Serum used in IFA COS-7 COS-7 with
pTriEx3-S1
Normal serum Negative Negative
Anti-TCoV serum Negative 1:40 — Positive
Anti-DNA pTriEx3-4F/4R Negative 1:20 — Positive
Anti-DNA pTriEx3-4F/4R & 4F/4R Negative 1:40 — Positive
S protein
Anti-DNA pTriEx3-S1 Negative 1:40 — Positive
(b)
Serum Dilution
Trial 1 1280 2560 5120 10240
Anti-TCoV serum + + + —
40 80 160 320 640 1280
Anti-DNA pTriEx3-4F/4R & 4F/4R protein + + + + + -
Anti-DNA pTriEx3-4F/4R + + - - - -
Anti-DNA pTriEx3-S1 + + + - - -
Trial 2 1280 2560 5120 10240
Anti-TCoV serum + + + -
40 80 160 320 640 1280
Anti-DNA pTriEx3-4F/4R & 4F/4R protein + + + + + -
Anti-DNA pTriEx3-6F/6R & 6F/6R protein + + + + + -
Anti-DNA pcDNA3.1-Mod4F/Epi4R + + + + + -
Trial 3 50 100 200 400 800 1600
Anti-TCoV serum + + + + + -
Anti-DNA pTriEx3-4F/4R & 4F/4R protein + + + + - -
Anti-DNA pTriEx3-6F/6R & 6F/6R protein + + + - - -
Anti-DNA pcDNA3.1-Mod4F/Epi4R & Mod4F/Epi4R protein + + + - - -

cross-neutralization activity of antiserum to heterogeneous
TCoV [53], while there was only one amino acid differ-
ences between TCoV/IN-517/94 and TCoV/TX-1038/98,
and three amino acid differences between TCoV/IN-517/94
and TCoV/VA-74/03 or between TCoV/TX-1038/98 and
TCoV/VA-74/03 in the antigenic domain identified in the
present study (Fig. 4). Since three different amino acids in
TCoV isolates had more cross-neutralization activity than
one different amino acid, all three amino acids may be
critical residues for neutralization.

The antigenic domains identified in the present study,
Mod4F/Epi4R (476-520), 4F/4R (482-678), and 6F/6R
(830-1071) were included in the fourth to seventh regions
predicted by the EMBOSS:Antigenic program. There were
two predicted antigenic regions located in the 4F/4R S
fragment. These fragments have hydrophobic residues on
the surface of protein. Nevertheless, the highly antigenic
6F/6R S fragment induced no neutralizing antibodies.

The conformation and glycosylation of the S protein
have been shown to be important for the induction of

@ Springer

neutralization antibodies [31, 54]. A eukaryotic expression
system can provide posttranslational modification to the
expressed protein, like glycosylation, and the expressed
protein may have a more native conformation than the
same protein expressed in a bacterial or insect cell
expression system [15]. Therefore, DNA plasmids encod-
ing TCoV S fragments encompassing the entire S protein
of TCoV were expressed in COS-7 cells in the present
study to ensure the correct conformation and modification
of expressed fragments. While it is convenient to screen the
antigenicity of S fragments with anti-TCoV serum, the
yield of the expressed protein is relatively low, and the cost
of production is relatively high for a mammalian cell sys-
tem compared to bacteria or insect cells. Although the
immunogenicity of the receptor-binding domain of SARS-
CoV expressed in the E. coli system was lower than that
observed using a mammalian or insect cell system, a high
level of neutralizing antibodies was still induced to provide
protection against infection by SARS-CoV, especially for
the conformation-independent neutralization epitopes
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Table 3 Neutralization activities of polyclonal antibodies raised against S1, 4F/4R, Mod4F/Epi4R, and 6F/6R S fragments

Serum VN titer® Log, (VN titer) Ratio of logy VN titer®
Trial 1
Anti-TCoV serum 16 2 1
Anti-DNA pTriEx3-4F/4R & 4F/4R protein 2 0.5 0.25
Anti-4F/4R protein 3.09 0.81 0.41
Anti-DNA pTriEx3-S1 1.7 0.38 0.19
Trial 2
Anti-TCoV serum 9.44 1.62 1
Anti-DNA pTriEx3-4F/4R & 4F/4R protein 8 1.5 0.93
Anti-DNA pcDNA3.1-Mod4F/Epi4R 6.2 1.32 0.81
Anti-DNA pTriEx3-6F/6R & 6F/6R protein <1 0 0
Normal serum <1 0 0
Trial 3
Anti-TCoV serum 32 2.5 1
Anti-DNA pTriEx3-4F/4R & 4F/4R protein 8 1.5 0.6
Anti-DNA pcDNA3.1-Mod4F/Epi4R 7.14 1.42 0.57
Anti-pcDNA3.1-Mod4F/Epi4R & Mod4F/Epi4R protein 11.43 1.76 0.7
Anti-DNA pTriEx3-6F/6R & 6F/6R protein <1 0 0
Normal serum <1 0 0

? TheVN titer is the highest dilution of antiserum that can neutralize TCoV and inhibit the infection of TCoV in 50% of 22-day-old embryonated

turkey eggs

" The ratio of log, VN titer is between the log4 value of the VN titer in the tested serum and the log4 value of the VN titer in the assay control

serum, anti-TCoV serum, used in each assay

Position 476 520
TCoV 540 LYSVQPCOTVSTQAVIVNGSFVGLFLPASCRLAGQFGLGNHTEY
TCoV/ITX-1038/98 -y H Wenae N
TCoW/IN-517/94 - Q WeeN
TCoV/IVA-T403 R Wee-D.

Fig. 4 Results of deduced amino acid sequence alignment in the
antigenic domain containing neutralizing epitopes (Mod4F/Epi4R S
fragment) from TCoV isolates. TCoV 540, TCoV/TX-1038/98,
TCoV/IN-517/94, and TCoV/VA-74/03 showed four different amino
acid differences among four TCoV isolates and three differences
among TCoV isolates excluding TCoV 540. The sequences of TCoV
540, TCoV/TX-1038/98, TCoV/IN-517/94, and TCoV/VA-74/03
are from GenBank accession numbers EU022525, GQ427176,
GQ427175, and GQ4271731, respectively

present in the receptor domain [15]. By expression in the
E. coli system, a sufficient amount of S fragment was
produced and used to generate antiserum for ELISA, IFA,
and VA assays to characterize each antigenic fragment.
Because the Mod4F/Epi4dR and 4F/4R S fragments
expressed in E. coli showed strong immunogenicity and
neutralizing activity, the neutralization epitopes in these
antigenic domains are considered conformation and gly-
cosylation independent.

Because polyclonal antibodies generated by priming
with DNA encoding TCoV 4F/4R or Mod4F/Epi4R S
fragment and boosting with the corresponding S fragment

expressed in E. coli were able to neutralize TCoV infection
in embryonated turkey eggs, such a prime-boost approach
may offer a potential vaccination strategy against TCoV
infection. It has been shown that subunit vaccine contain-
ing a coronaviral S fragment with the neutralizing epitopes
induced antibody production, providing protection against
IBV in chickens or SARS-CoV in mice [28, 29]. A DNA
vaccine encoding a coronaviral S fragment containing
neutralizing epitopes has been shown to enhance the
induction of a protective immune response [55, 56]. Mice
primed intramuscularly with S1 DNA and boosted with
recombinant S1 protein produced in E. coli produced a
higher titer of neutralizing antibody against SARS-CoV
infection than a DNA vaccine or S1 protein alone [57].
Therefore, a DNA prime-protein boost regimen may elicit a
stronger immune response by combining the advantages of
a DNA vaccine and a protective subunit vaccine. While
DNA vaccines have the ability to mimic the effects of a
live attenuated vaccine and induce humoral and cellular
immune responses, highly immunogenic subunit vaccines
can overcome the low immunogenicity observed with DNA
vaccination [57-59].

In the present study, we have identified one antigenic
domain containing neutralization epitopes by using both
eukaryotic and prokaryotic expression systems. Further
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localization of critical residues in neutralization epitopes
can be achieved by screening peptide libraries with neu-
tralizing MAbs generated from the identified domain or
point mutations on further identified peptides recognized
by neutralizing MAbs. Although neutralizing antibodies
can be raised using the Mod4F/Epi4R fragment, it remains
to be confirmed that this fragment can induce protective
immunity and serve as a potential subunit vaccine against
TCoV infection. Additional studies are needed to fully
understand the neutralization mechanism of anti-TCoV
antibodies and the immunoprotective nature of the S protein.
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