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Abstract Porcine epidemic diarrhea virus (PEDV) is a
highly contagious enteric pathogen of swine causing high
mortality rates in piglets. PEDV outbreaks have occurred
continuously in most swine-producing Asian countries and
have recently emerged in the United States, leading to large
economic losses for both the Asian and US pig industries.
The spike (S) protein of PEDV consists of the S1 and S2
domains, responsible for virus binding and fusion, respec-
tively. The involvement of the S1 domain in specific high-
affinity interactions with the cellular receptor and induction
of neutralizing antibodies in the natural host makes it a
logical target for the development of effective vaccines and
therapeutics against PEDV. Passive immunization by oral
administration of egg yolk antibodies (IgY) obtained from
immunized chickens provides an alternative source of
specific antibodies for the prevention and treatment of
PEDV in newborn piglets. In this study, we produced an
IgY against the PEDV Sl protein and investigated its
immunoprophylactic effect in neonatal piglets. A codon-
optimized PEDV S1 gene consisting of amino acid residues
25-749 was synthesized and used to establish a stable
porcine cell line constitutively expressing a recombinant
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PEDV S1 protein containing the chicken immunoglobulin
Fc fragment at its C-terminus. The purified recombinant S1
protein was found to mediate potent immune responses in
immunized hens. We next tested the ability of oral passive
immunization with anti-PEDV S1 IgY to protect pigle-
ts against PEDV. Specific chicken IgY against the S1 pro-
tein was orally administered to neonatal piglets, and their
responses subsequent to a virulent PEDV challenge were
monitored. The results showed that oral administration of
anti-PEDV S1 IgY efficiently protects neonatal piglets
against PEDV, suggesting its potential as a prophylactic or
therapeutic agent against acute PEDV infection.

Introduction

Porcine epidemic diarrhea (PED) is characterized by acute
enteritis and watery diarrhea followed by severe dehydra-
tion, leading to high mortality rates in neonatal piglets [5, 29,
33]. The disease was initially recognized in England in 1971
[27], and the causative agent, PED virus (PEDV), was not
identified until 1978 [28]. PED epidemics were first reported
in Asia in 1982, and PED has since continued to threaten
swine health, causing substantial economic losses for the
Asian swine industry [3, 11, 21, 30, 38]. In early 2013,
sudden PED outbreaks occurred in the United States
sweeping through the pork industry across the country [24,
35]. Subsequently, starting in late 2013, large-scale out-
breaks of PED rapidly recurred in Korea, Taiwan, and Japan;
a US-strain-like PEDV was found to be responsible for the
recent outbreaks in those countries, raising global concerns
regarding control measures for PED prevention [17-19, 22].

PEDV is a large enveloped virus possessing a single-
stranded, positive-sense RNA genome of approximately 28
kb with a 5’ cap and a 3’ polyadenylated tail, belonging to
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the genus Alphacoronavirus within the family Coron-
aviridae of the order Nidovirales [28, 33]. The spike
(S) protein of PEDV is a type I membrane glycoprotein
consisting of 1,383 to 1,386 amino acids (aa), depending on
the strain, that can be divided into the S1 (aa 1-735) and S2
(736—end) domains based on homology to the S proteins of
other coronaviruses [0, 9, 15, 36]. Similar to other coron-
avirus S proteins, the PEDV S protein plays a critical role
by interacting with the cellular receptor to mediate viral
entry and inducing neutralizing antibodies in the natural
host [1, 2]. More precisely, the SI domain has been
reported to contain the receptor-binding region and the
main neutralizing epitopes [16, 37]. Furthermore, the S1
region has been established as a suitable target for deter-
mining genetic relatedness among PEDV isolates and for
developing differential diagnostic assays and effective
vaccines [4, 7, 15, 26].

In Korea, both modified live and killed vaccines against
PEDV have been developed for disease control and use in
the domestic market. However, the continued occurrence of
PED nationwide has caused enormous financial losses for
the Korean pork industry, raising questions regarding the
efficacy of these commercial vaccines. This phenomenon
appears to be due to genetic and antigenic differences
between the vaccine strain and the strains prevalent in the
field [15, 26]. Thus, the lack of effective vaccines increases
the need for next-generation field-virus-based vaccines or
control measures against PEDV infection. Passive immu-
nization by oral administration of specific antibodies repre-
sents an attractive approach against gastrointestinal
pathogens in both humans and animals [23]. Egg yolk
immunoglobulin (IgY) from immunized chickens has been
demonstrated to be a convenient large-scale source for
specific antibodies; it has also been shown to be safe and
effective against PEDV in newborn piglets [12].

The aim of the present study was to produce an IgY
against the PEDV S1 protein and assess its immunopro-
phylactic properties in neonatal piglets. A codon-optimized
PEDV S1 gene was used to establish a stable porcine cell
line constitutively expressing a recombinant S1 protein.
The recombinant S1 protein was capable of inducing effi-
cient cytokine and antibody responses in immunized hens.
Moreover, oral passive immunization using chicken IgY
raised against the PEDV S1 protein was found to control
and prevent PED post-challenge in suckling piglets.

Materials and methods
Cells, virus, and antibodies

HEK-293T cells (CRL-1573) were purchased from the
American Type Culture Collection (ATCC; Manassas, VA,
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USA) and cultured in Dulbecco’s modified Eagle medium
(DMEM) with high glucose (Invitrogen, Carlsbad, CA,
USA) supplemented with 10 % fetal bovine serum (FBS;
Invitrogen) and Antibiotic-Antimycotic Solution (100x;
Invitrogen). PK-15 cells were grown in RPMI 1640 med-
ium (Invitrogen) containing 10 % FBS and Antibiotic-
Antimycotic Solution. Vero cells were cultured in alpha
minimum essential medium (o-MEM; Invitrogen) with
10 % FBS and Antibiotic-Antimycotic Solution. The cells
were maintained at 37 °C in a humidified 5 % CO,
atmosphere. The SM98-1 PEDV vaccine strain was
obtained from the Korean Animal and Plant Quarantine
Agency and propagated in Vero cells as described previ-
ously [8]. Challenge PEDV was prepared from intestinal
contents obtained from a field case that was found to be
free of other common etiologic agents of neonatal porcine
diarrheal diseases, as described previously [26]. Briefly, a
4-day-old suckling piglet was inoculated orally with a
small-intestine homogenate containing the field virus.
Small-intestine tissues were collected and homogenized in
a 10 % suspension with o-MEM using a MagNA Lyser
(Roche Diagnostics, Mannheim, Germany) by three repe-
titions of 15 s at 7,000 rpm, and tissue suspensions were
clarified by centrifugation for 10 min at 4,500xg (Hanil
Centrifuge FLETAS, Incheon, South Korea). The clarified
supernatant was filtered through a 0.22-um-pore-size syr-
inge filter (Millipore, Billerica, MA, USA), aliquoted, and
stored at —80 °C until use as the crude challenge virus.
Horseradish peroxidase (HRP) or fluorescein isothio-
cyanate (FITC)-conjugated secondary antibodies were
purchased from Jackson ImmunoResearch Laboratories
(West Grove, PA, USA), and Alexa Fluor 488-conjugated
secondary antibody was obtained from Molecular Probes
(Carlsbad, CA, USA). The PEDV S-protein-specific mon-
oclonal antibody (MAb) was a kind gift from Sang-Geon
Yeo (Kyungpook National University, Daegu, South
Korea), and the nucleocapsid (N)-protein-specific MAb
was obtained from ChoongAng Vaccine Laboratory
(CAVAC; Daejeon, South Korea).

Plasmid construction

DNA manipulation and cloning were performed according
to standard procedures [34]. Escherichia coli strain DH5a
(RBC Bioscience, Taiwan) was used as the host for general
cloning. The pFB-Neo-PEDV-rS1-Ig plasmid encoding a
full-length, codon-optimized PEDV S1 gene (aa 24-735)
was described previously [26]. The pcDNA3.1/Chicken Fc
plasmid encoding the Fc domain of chicken IgG was a kind
gift from Hyung-Kwan Jang (Chonbuk National Univer-
sity, Jeonju, South Korea). The chicken Fc (cFc) fragment
from pcDNA3.1/Chicken Fc was subcloned into pFB-Neo-
PEDV-rS1-Ig by replacing the Fc domain of human IgGl



Effect of IgY against the PEDV S1 protein

2199

to construct the gene expression plasmid, pFB-Neo-PEDV-
rS1-cFc, which produces a chicken Fc-tagged fusion pro-
tein, rS1-cFc. The constructed plasmid was verified by
nucleotide sequencing.

Generation of a stable PK-15 cell line expressing
PEDV rS1-cFc

The retrovirus gene transfer system (Agilent Technologies,
Santa Clara, CA, USA) was used to generate a cell line
constitutively expressing the recombinant PEDV rS1-cFc
gene or an empty retroviral vector as described elsewhere
[15, 25]. Antibiotic-resistant continuous cell clones were
examined by RT-PCR to verify the presence of the full-
length rS1-cFc gene, and the positive clones (PK-rS1-cFc)
were then amplified for subsequent analysis.

Immunofluorescence assay (IFA)

PK-rS1-cFc cells were grown on microscope coverslips
placed in 6-well tissue culture plates. At 48 h post-seeding,
the cells were fixed with 4 % paraformaldehyde for 10 min
at room temperature (RT) and permeabilized with 0.2 %
Triton X-100 in phosphate-buffered saline (PBS) at RT for
10 min. The cells were subsequently blocked with 1 %
bovine serum albumin (Amresco, Solon, OH, USA) in PBS
for 30 min at RT and then incubated with a goat anti-
chicken IgG antibody conjugated to FITC. Finally, the cells
were counterstained with 4',6-diamidino-2-phenylindole
(DAPI; Sigma, St. Louis, MO, USA), and cell staining was
visualized using a Leica DM IL LED fluorescence micro-
scope (Leica, Wetzlar, Germany).

Protein purification

PK-rS1-cFc cells were grown in 100-mm-diameter tissue
culture dishes to 90 % confluency in serum-free medium
(OptiPRO SFM; Invitrogen). At 72 h post-seeding, the
protein-containing cell culture supernatants were har-
vested, and soluble proteins were immunoprecipitated with
Chicken IgY Precipitating Resin (GenScript, Piscataway,
NIJ, USA) according to the manufacturer’s protocol in the
presence of protease inhibitors at 4 °C for 16 h. The beads
were collected by centrifugation at 5,000xg (Eppendorf
centrifuge 5415R, Hamburg, Germany) for 5 min at 4 °C
and washed three times with 0.5 M NaCl in PBS. The
samples were subsequently eluted with 50 mM sodium
citrate/50 mM glycine (pH 2.0) and neutralized with 1 M
Tris-HCI (pH 8.0). The purified proteins were concentrated
with Amicon Ultracentrifugal filters 100K (Millipore).
Protein concentration was measured using a Pierce BCA
protein assay (Thermo Scientific, Rockford, IL, USA), and

the final products were analyzed by western blotting to
confirm target protein purification.

Protein gel staining and western blot analysis

The protein-containing cell culture supernatants or purified
proteins as described above were mixed with NuPAGE 4 x
LDS sample buffer (Invitrogen) and boiled at 70 °C for 10
min. The proteins were separated on a NuPAGE 4-12 %
gradient Bis-Tris gel (Invitrogen) under reducing condi-
tions and stained using SimplyBlue SafeStain (Invitrogen)
according to the manufacturer’s instructions or electro-
transferred onto Immobilon-P polyvinylidene fluoride
(PVDF) membranes (Millipore). The membranes were then
blocked with 3% powdered skim milk (BD Biosciences,
Belford, MA, USA) in TBS (10 mM Tris-HCI [pH 8.0],
150 mM NaCl) with 0.05 % Tween-20 (TBST) at 4 °C for
2 h and then reacted directly with the goat anti-chicken IgG
HRP-conjugated secondary antibody or with anti-PEDV S
MAD followed by the corresponding HRP-labeled sec-
ondary antibody at a 1:2,000 dilution for 2 h at 4 °C.
Finally, the proteins were visualized using enhanced
chemiluminescence reagents (GE Healthcare, Piscataway,
NIJ, USA) according to the manufacturer’s protocol.

Immunization of hens

Twenty 10-week-old White Leghorn hens were randomly
allocated into three groups and immunized by intramus-
cular injection into the breast muscle with either the binary
ethylenimine (BEI)-inactivated SM98-1 PEDV vaccine
strain, 200 pg of the purified PEDV rS1-cFc protein
resuspended in PBS, or PBS with a mineral oil-based
adjuvant (Montanide ISA 70 VG; Seppic, Puteaux, France)
(Table 1). The hens were then boosted three times with the
same immunogens emulsified with adjuvant at 3-week
intervals. Blood samples were collected prior to immu-
nization, at each boost, and three weeks subsequent to the

Table 1 Experimental design for chicken immunization®

Group Antigen
1(n=28) Inactivated PEDV vaccine®
2(n=298) PEDV rS1-cFc immunogen®
3(n=4) Placebo?

4 Corresponding antigens were given intramuscularly to 10-week-old
hens, followed by three booster inoculations at 3-week intervals

® BElI-inactivated PEDV emulsified in ISA 70 adjuvant
¢ Purified PEDV rS1-cFc protein emulsified in ISA 70 adjuvant
4 PBS emulsified in ISA 70 adjuvant
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final boost. Eggs were collected for three weeks subsequent
to the final boost.

Isolation of IgY

Eggs collected from immunized hens were washed with
diluted sodium hypochlorite solution (Yuhanclorox, Seoul,
South Korea), disinfected with 70 % ethanol, and used for
egg yolk fractionation. The separation of the yolk from the
albumen and chalaza was performed as described previ-
ously [13]. The egg yolk material was mixed with distilled
water (DW) at a 1:7 (v/v) ratio immediately followed by
the addition of strong acid electrolytic water (pH < 2.0) at
0.02 % of the total volume. Samples were thoroughly
whisked using a hand blender for approximately 10 min.
The egg yolk mixture was kept at 4 °C for 24 h, and
supernatants were then separated and clarified by cen-
trifugation for 20 min at 3,000xg (Hanil Centrifuge
FLETAS) to thoroughly remove lipids. The supernatants
containing IgY was collected, lyophilized using a spray
dryer and stored at 4 °C for further experiments.

Quantitative real-time RT-PCR

Peripheral blood mononuclear cells (PBMCs) were isolated
from whole blood using a standard gradient centrifugation
purification protocol with Histopaque 1077 (Sigma)
according to the manufacturer’s instructions. Total RNA
was extracted from the PBMCs of hens using TRIzol
Reagent (Invitrogen) and treated with recombinant DNase I
(TaKaRa, Otsu, Japan) according to the manufacturer’s
protocols. The concentrations of the extracted RNA were
measured with a NanoVue spectrophotometer (GE Health-
care). Quantitative real-time RT-PCR was done using a
Thermal Cycler Dice Real Time System (TaKaRa) with a
One Step SYBR PrimeScript RT-PCR Kit (TaKaRa) and
the following gene-specific primer sets as described previ-
ously [20, 31, 32]: chicken IFN-a forward, 5'-ATCCTGCT
GCTCACGCTCCTTCT-3’; chicken IFN-«a reverse, 5'-GG
TGTTGCTGGTGTCCAGGATG-3'; chicken IFN-B for-
ward, 5'-GCCTCCAGCTCCTTCAGAATACG-3'; chicken
IFN-B reverse, 5-CTGGATCTGGTTGAGGAGGCTGT-
3’; chicken IFN-y forward, 5-AGCTGACGGTGGACC-
TATTATT-3’; chicken IFN-y reverse, 5'-GGCTTTGCGC
TGGATTC-3'; chicken IL-6 forward, 5-CAAGGTGAC
GGAGGAGGAC-3'; chicken IL-6 reverse, 5'-TGGCGAG
GAGGGATTTCT-3'; chicken IL-8 forward, 5'-CCAAG-
CACACCTCTCTTCCA-3’; chicken IL-8 reverse, 5'-
GCAAGGTAGGACGCTGGTAA-3'; chicken TNF-a for-
ward, 5-GAAGCAGCGTTTGGGAGT-3'; chicken TNF-o,
reverse, 5'-GTTGTGGGACAGGGTAGG-3’; chicken glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) forward,
5'-GGTGGTGCTAAGCGTGTTAT-3’; chicken GAPDH
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reverse, 5-ACCTCTGTCATCTCTCCACA-3'. The
steady-state mRNA levels of each cytokine gene were
normalized against the level of chicken GAPDH mRNA,
and the relative quantity (RQ) of mRNA accumulation was
evaluated using the 2" method. The relative fold change
in the expression of each gene was then calculated by
comparing pre-immune and immunized sera.

Serum neutralization

PEDV-specific neutralizing antibodies in the serum and
IgY samples collected from hens in all groups were
determined using a serum neutralization test in 96-well
microtiter plates with the SM98-1 PEDV vaccine strain as
previously described [14]. Briefly, individual virus stocks
were diluted in serum-free o-MEM to a concentration of
200 plaque-forming units in a volume of 50 pl. The diluted
virus was then mixed with 50 pl of a twofold serial dilution
of individual inactivated sera or IgY solution dissolved in
DW (100 mg/ml) in 96-well plates, and the mixture was
incubated at 37 °C for 1 h. Next, approximately 1 x 10
Vero cells in 100 pl of o-MEM with 10 % FBS were added
to each well, and the mixture was further maintained at
37 °Cin a 5 % CO, incubator for 3 to 4 days. The neu-
tralization titer was calculated as the reciprocal of the
highest serum dilution that inhibited virus-specific cyto-
pathic effects in all duplicate wells.

Pig inoculation studies

The in vivo swine experiments described here were per-
formed at the ImproAH Animal Facility under the guide-
lines established by the Institutional Animal Care and Use
Committee. A total of 18 newborn piglets were obtained
from seronegative pregnant sows at a commercial pig farm
with no known prior PED outbreak or vaccination with
PEDV. All animals were determined to be free of anti-
bodies to PEDV, as well as to transmissible gastroenteritis
virus and porcine reproductive and respiratory syndrome
virus. No other animals aside from those included in the
study were housed at the facility for the duration of the
experiment. The design for the present pig experiment is
outlined in Table 2. Piglets were randomly divided into
four groups: group 1, administration of IgY against PEDV;
group 2, administration of IgY against PEDV rSl-cFc;
group 3, administration of IgY against placebo; group 4,
control. The groups were housed in separate rooms, and no
physical contact was allowed between the groups. All
neonatal piglets except for animals in the control group
were inoculated orally with 1 ml of the small-intestine
homogenate containing 10* TCIDso/ml PEDV field virus
determined wusing real-time RT-PCR as described
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Table 2 Experimental design for PEDV challenge in piglets®

Group Challenge + IgY

1 (n=6) PEDV + anti-PEDV IgY®

2(n=06) PEDV + anti-rS1-cFc IgY*®
3(n=23) PEDV + normal IgY?

4 (n=3) No challenge + normal IgY (control)

4 All neonatal piglets except the control group were inoculated orally
with the small-intestine homogenate containing PEDV field virus and
administered orally with IgY at 1 and 2 DPI

b IgY from the egg yolk of hens immunized against BEI-inactivated
PEDV

¢ IgY from the egg yolk of hens immunized against purified PEDV
rS1-cFc protein

4 IgY from the egg yolk of hens immunized against PBS

previously [10]. Following challenge exposure, piglets
were administered orally with 2 ml of the corresponding
IgY solution dissolved in DW (250 mg/ml) at 1 and 2 days
post-inoculation (DPI).

Clinical signs of diarrhea and the mortality in chal-
lenged piglets were monitored daily throughout the study.
Stool samples from all groups were collected daily with
16-inch, cotton-tipped swabs and subjected to RT-PCR
using an i-TGEV/PEDV Detection Kit (iNtRON Biotech-
nology, Seongnam, South Korea) to detect the presence of
PEDV. Fecal shedding of PEDV was measured by quan-
titative real-time RT-PCR as described above, and the
results were analyzed using the system software as
described previously [32].

All piglets from the challenged and control groups were
euthanized at 5 DPI for post-mortem examination. Small-
intestinal tissue specimens collected from each piglet (<3
mm thick) were fixed with 10 % formalin for 24 h at RT and
then embedded in paraffin according to standard laboratory
procedures. The formalin-fixed paraffin-embedded tissues
were cut into 5- to 8-um-thick sections on a microtome,
floated in a40 °C water bath containing DW, and transferred
onto glass slides. The tissues were then deparaffinized in
xylene for 20 min and washed in decreasing concentrations
of ethanol (100 %, 95 %, 85 %, 70 %, and 50 %) for 3 min
each. The deparaffinized intestinal tissue sections were
stained with hematoxylin and eosin (H&E; Sigma) to
observe histopathological lesions of PEDV infection and
subjected to IFA using the PEDV N-specific MAb and goat
anti-mouse IgG secondary antibody conjugated to Alexa
Fluor 488 as described above.

Statistical analysis
The Student’s r-test was used for all statistical analyses and

p-values of less than 0.05 were considered statistically
significant.

Results

Generation of stable porcine-origin cell lines
expressing the full-length, codon-optimized S1
protein

Previously, we synthesized a full-length, codon-optimized
S1 gene and confirmed that codon optimization greatly
enhanced the expression level of S1 upon transient trans-
fection [26]. In this study, the codon-optimized S1 gene
was used for stable transfection to produce preparative
amounts of the S1 protein. To accomplish this, sublines of
PK-15 cells were established that stably expressed the
recombinant codon-optimized S1 under the control of a
retroviral LTR promoter. Ten generated cell clones were
initially collected and subjected to RT-PCR and western
blot analysis to examine S1 expression at the mRNA and
protein level, respectively (data not shown). Based on the
results of the western blot analysis, one PK-rS1-cFc cell
clone that consistently expressed the highest level of S1
was chosen for subsequent studies.

To characterize the PK-rS1-cFc cells, intracellular and
extracellular expression levels of S1 were examined by
immunofluorescence and western blotting. As shown in
Fig. 1A, specific cell staining was clearly evident when PK-
rS1-cFc cells were reacted with the anti-chicken IgG anti-
body, confirming a consistent high expression level of the
S1 protein. Western blot analysis of cell culture super-
natants revealed that the PK-rS1-cFc cells stably expressed
and cumulatively secreted high levels of the approximately
180-kDa S1. The recombinant S1 protein expressed in the
supernatants of stable PK-rS1-cFc cells was purified using
chicken IgY precipitation resin beads. The purified S1
protein was detectable at a high level by SimplyBlue
staining and was confirmed by immunoblotting with anti-
chicken IgG antibody (Fig. 1B). Using our purification and
concentration procedures, we were able to purify an average
yield of 30 pg of S1 protein per 6 ml of PK-rSI-cFc cell
culture supernatant cultivated in a 100-mm tissue culture
dish for 72 h. In addition, the overall growth kinetics of S1
gene-expressing PK-15 cells were found to be similar to
those of the parental PK-15 cells, indicating that Sl
expression has no effect on cell growth (data not shown).

Immunization of chickens with the recombinant S1-
cFc immunogen

To produce IgY, hens assigned to the three groups were
immunized intramuscularly, as outlined in Table 1. Blood
samples were collected before immunization (pre-immune),
at each boost, and 3 weeks after the final boost. PBMCs
were prepared from blood samples obtained during the first
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Fig. 1 Constitutive expression of the recombinant S1 protein in PK-
rS1-cFc cells. (A) Immunofluorescence assay for the rS1 protein. PK-
15 or PK-rS1-cFc cells grown in a 6-well tissue culture plate were
fixed with 4 % formaldehyde at 48 h post-seeding and incubated with
anti-chicken IgG antibody (top panels). The cells were then counter-
stained with DAPI (bottom panels) and examined using a fluorescent
microscope at 400 x magnification. (B) Purification of the rS1 protein.
The recombinant S1 protein was purified from serum-free medium of
PK-rS1-cFc cells grown in a 100-mm tissue culture dish. The cell
culture supernatant and the purified rS1 protein were resolved on a
4-12 % gradient Bis-Tris gel and stained with SimplyBlue solution
(left panel) or electrotransferred onto a PVDF membrane (right
panel). The membrane was blotted with a chicken IgG-specific
antibody

and the last collections to evaluate the immunogenicity of
each immunogen. This was conducted by examining the
expression levels of immune-response genes upon immu-
nization. Our results demonstrate that the expression of
numerous immune-related genes, including IFN-o, IFN-p,
IFN-vy, IL-6, and IL-8, was significantly altered by immu-
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nization of inactivated PEDV or S1-cFc compared to levels
in the placebo-inoculated group (Fig. 2). These data indicate
that the immunogens used in this study efficiently stimulated
immune responses in chickens. Serum samples collected at
each collection time were subjected to a serum neutraliza-
tion test against the PEDV vaccine strain. Non-immunized
hens showed only minimal neutralizing antibody titers,
whereas immunized hens exhibited gradually increasing
neutralizing antibody titers (Fig. 3A). Furthermore, hens
immunized with inactivated PEDV (group 1) and S1-cFc
protein antigen (group 2) at 3-week intervals produced
similar neutralizing antibody titers ranging from 1:32 to 1:64
subsequent to the final immunization. In addition, egg yolk
samples from each group were found to contain neutralizing
antibody titers comparable to those in the corresponding
serum samples, indicating the presence of neutralizing IgY
antibodies (Fig. 3B).

Experimental infection of pigs with anti-PEDV S1
IgY

To evaluate the immunoprophylactic efficacy of anti-
PEDV S1 IgY, neonatal 4- to 5-day-old PEDV-seronega-
tive piglets were divided into four groups and challenged
orally with wild-type PEDV followed by the respective
antibody treatment at days 1 and 2 post-challenge. Animals
in group 4 were not challenged with PEDV and given IgY
orally from non-immunized chickens at the same time
points as the other groups. Clinical observations of mor-
tality and diarrhea in challenged piglets are summarized in
Table 3. None of the piglets from group 4 died or devel-
oped any clinical signs of diarrhea. Additionally, fecal
shedding of PEDV was also detected in the rectal swabs of
these animals for the duration of the study (Fig. 4). In
contrast, all piglets from the challenged groups (1-3),
regardless of IgY administration, exhibited diarrhea that
began at 1 or 2 days post-challenge and lasted throughout
the challenge experiment. In group 3, one piglet died; the
remaining piglets experienced severe watery diarrhea and
shed PEDV in their feces, with a mean cycle threshold (Ct)
value of 16.9 (range 14.8-18.6) during the study (Fig. 4).
Although none of the piglets from groups 1 and 2 treated
with IgY died during the challenge experiment, the number
of piglets exhibiting diarrhea post-challenge varied
depending on the group. All piglets from these groups
showed mild-to-severe diarrhea lasting for the entire
experiment but recovered from the diarrhea by the end of
the study. Furthermore, fecal shedding of PEDV from these
piglets was significantly lower than in group 3 piglets;
PEDV RNA was detected in the fecal swab samples of all
pigs in groups 1 and 2, with mean Ct values of 24.1 (range
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Fig. 2 Expression patterns of cytokine gene mRNAs in immunized
hens. PBMCs were separated from chicken blood samples collected
prior to immunization (black bars) and 3 weeks after the final boost
(white bars). The mRNA expression level of each gene, including
chicken IFN-a, IFN-f, IFN-v, IL-6, IL-8, and TNF-o was assessed by

23.1-24.8) and 219 (range 20.0-26.5), respectively
(Fig. 4). However, despite the similar levels of diarrhea,
the group 2 piglets shed slightly higher amounts of PEDV
in their feces compared to those in group 1. Gross intestinal
lesions consistent with viral enteritis, including thin-walled
and fluid-content-dilated small intestines, were typically
observed in all group 3 piglets; less-severe lesions were
observed in piglets given either IgY (data not shown).
Likewise, the majority of enterocytes over the entire villi in
the control piglets with normal IgY treatment (group 3)
were affected by PEDV, showing moderate-to-severe vil-
lous atrophy and destruction, while piglets from groups 1
and 2 exhibited mild intestinal lesions comparable to those
in the non-challenged group, and viral antigens were only
detected in their small intestines (Figs. 5 and 6). However,
anti-PEDV S1 IgY treatment (group 2) was more effica-
cious than treatment with IgY raised against the whole
virus (group 1) in reducing the overall severity of macro-
scopic and microscopic intestinal lesions in the piglets.
Collectively, all immunoprophylactic methods used in this
study were capable of protecting neonatal piglets against
mortality and disease severity after challenge with a viru-
lent PEDV.

real-time RT-PCR and normalized to the expression of chicken
GAPDH. Relative quantities (RQ) of mRNA accumulation were
evaluated by the 222" method, and the relative fold change in the
expression of each cytokine gene was then calculated between pre-
immune and immunized sera

Discussion

Vaccination against PEDV is one of the most important
and effective prevention measures by passively transferring
specific neutralizing antibodies present in vaccinated sows
to their litters through colostrum and milk. Despite the
availability of commercial attenuated and inactivated vac-
cines in Korea, PEDV continues to plague the domestic
pork industry, raising issues regarding their protective
efficacy. Recently, severe outbreaks of PEDV have re-
emerged in Korea and have been estimated to affect over
40 % of pig farms, causing serious economic impact on
producers and customers [17, 18]. Our previous studies
suggested that antigenic and genetic variations between the
vaccine virus and field PEDVs may be the cause of the
incomplete efficacy or failure of vaccination, which
appears to be responsible for the periodic outbreaks in
domestic herds [15, 26]. Furthermore, a comparison of the
amino acid sequence of the S1 domain of the PEDV S
protein, which is associated with viral binding to host cell
receptors and contains neutralizing epitopes [16, 37], has
shown a difference of over 10 % between the vaccine
strain and field isolates, suggesting the need for next-
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Serum neutralizing Ab titers
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IgY neutralizing Ab titers
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Fig. 3 Virus-neutralizing antibody kinetics in sera and IgY from
immunized hens. Chicken blood samples (A) collected at the
indicated time points and IgY (B) extracted from egg yolk were
subjected to a virus neutralization assay against SM98-1. The
neutralizing antibody titers of the groups were plotted as a log2
scale. Values are representative of the mean from three independent
experiments carried out in duplicate, and the error bars denote the
standard deviations

generation vaccine development [15, 17]. In addition to
vaccination, artificial passive immunization using IgY has
been used commercially as an alternative method for
controlling PED by providing supportive immunity to
neonatal piglets exposed to acute infection in Korea.
However, opinions differ among swine practitioners and
producers regarding the efficacy of this immunoprophy-
lactic strategy. A similar debate regarding the commercial
use of IgY may arise since the vaccine strain is also used to
immunize chickens for the production of anti-PEDV IgY in
Korea. We have previously demonstrated that the S1 pro-
tein of PEDV could be considered a potential candidate
antigen for vaccination [26]. In the present study, the S1
protein of the field PEDV was used as an immunogen to
inoculate hens, thereby producing anti-PEDV S1 IgY. We
first aimed to stably express the full-length, codon-opti-
mized S1 gene of PEDV in porcine-origin cells and to
evaluate the immunogenicity and efficacy of IgY against
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Table 3 Diarrhea in piglets in the challenge experiment

Group Piglet no. Days after oral challenge

0 1 2 3 4 5
1 1 =4 = ++* 4
2 e o o o S S
3 - - 4+ 4+ o+
4 - - +++ ++ ++ ++
5 -+ +++ +++ + +
6 - - +++ +++ ++ +
2 1 e e o R o e
2 - - ++  ++ o+ +
3 - - +++  +++ ++
4 - - ++  ++ o+
5 - 4+ + +
6 - 4+
3 1 e e o R T S o
2 e e s o v S T o
3 — +++ Died® ND° ND ND
4 1 - - - - — -
2 - — - — - —
3 - — — — — —

4 —, no diarrhea; +, mild diarrhea; ++, moderate diarrhea; +++,
severe diarrhea

® Mortality attributed to PEDV infection confirmed by RT-PCR and
necropsy diagnosis
¢ Not determined due to the death of this piglet

1 -®- Group1 -v Group2 -& Group3
351
301
251
20 -

15 1

Mean Ct values

10 1

0 T T T T
1 2 3 4 5

Days post-challenge

Fig. 4 Viral shedding in feces of piglets. Viral RNA was extracted
from fecal samples collected from piglets at 1 to 5 days post-
challenge and subjected to real-time RT-PCR to determine the viral
titers. Lower Ct value indicates higher viral titers. Values are
representative of the mean from three independent experiments
carried out in duplicate, and the error bars represent the standard
deviations
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Group 1

Group 3

Fig. 5 Microscopic lesions in small intestine tissues of piglets.
Tissue specimens were collected from the small intestines of piglets
from each group at the time of necropsy. The formalin-fixed and
paraffin-embedded tissue sections were deparaffinized and stained

the recombinant S1 protein. Subsequently, we were able to
successfully generate a stable PK cell line continuously
producing large amounts of the codon-optimized S1 pro-
tein tagged with cFc. Following the purification and con-
centration processes, approximately 30-40 pg of the
recombinant S1-cFc protein could be consistently har-
vested from the culture supernatants of PK-rS1-cFc cells
grown in a 100-mm culture dish.

Since humoral immunity is an important indicator for
evaluating the effect of the S1-based immunogen used in
this study, we immunized chickens with the S1-cFc antigen
prepared from the cell culture supernatants of PK-rS1-cFc
cells and investigated whether they developed cytokine and
antibody responses. All of the proinflammatory cytokines
tested, except for TNF-o, were stimulated in chickens
immunized with either the whole virus or the S1-cFc
antigen. Of these, the expression levels of IL-6 and IL-8
genes were distinctly enhanced in the S1-cFc-inoculated
group compared with the inactivated PEDV-inoculated
group. Furthermore, the chicken sera raised against S1-cFc
contained higher levels of neutralizing antibody than those
raised against the SM98-1 vaccine virus. However, the final

Group 2

Group 4

with hematoxylin and eosin. The sections were examined using a light
microscope at 40x magnification. The inset images are enlarged
versions of parts of the picture

levels of anti-PEDV IgY were lower in the eggs of the S1-
cFc-immunized chickens compared to those of the SM98-
l-inoculated group. These inconsistent results may be
attributed to the use of the heterogeneous SM98-1 virus in
the serum neutralization assay, which possesses a high
degree of genetic variation in field isolates. Nevertheless,
our data indicated that the recombinant S1 protein effi-
ciently elicits immune responses in chickens. Subse-
quently, we tested the prophylactic efficacy of each IgY in
suckling piglets post-challenge-exposure. Our data showed
that, regardless of the IgY administered, all neonatal piglets
treated with IgY survived after challenge with virulent
PEDV, suggesting that the anti-PEDV S1 IgY provides
effective passive immunity to prevent mortality compara-
ble to whole-virus-based IgY. Despite the lower levels of
virus shedding in the feces of animals treated with anti-
PEDV IgY, the anti-S1 IgY-based strategy resulted in
more-efficient protection than the anti-PEDV IgY proce-
dure, as determined by the duration and severity of diarrhea
and histopathological lesions. These results indicated that
the administration of anti-S1 IgY could significantly reduce
the mortality and clinical signs of piglets, suggesting that
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a-PEDV N DAPI Merge

Fig. 6 Detection of PEDV in small intestine tissues of piglets. Tissue
specimens were prepared from small intestine of piglets from each
group at the time of necropsy. The formalin-fixed and paraffin-
embedded tissue sections were deparaffinized and subjected to

Group 1

Group 3

application of anti-S1 IgY is capable of partially blocking
the virus from invading the small intestine. A more
promising approach would be to use the entire field virus or
its full-length S protein to produce IgY instead of using
only the S1 domain, since the S protein contains multiple
functional domains and neutralizing epitopes to efficiently
stimulate non-susceptible hosts. For this purpose, the pro-
duction and application of IgY against a Korean field iso-
late are currently under investigation.

In conclusion, to the best of our knowledge, this is the first
study to evaluate the immunoprophylactic effect of IgY
against the recombinant S1 protein of the field virus in a pig
model. The results presented here indicate that the recombi-
nant S1 protein can elicit cytokine and antibody responses and
induce neutralizing antibodies in chickens. Furthermore,
challenge experiments revealed that administration of anti-S1
IgY efficiently protected suckling piglets against field PEDV
by providing passive immunity. PEDV infection causes high
mortality rates (90-100 % in neonatal piglets under 7 days of
age), and epidemiological observations indicate the rapid
spread of the disease. In this circumstance, the preliminary
results of the present study showed the potential of anti-
PEDV S1 IgY application as a considerable measure against
PEDV. Further experiments to optimize production proce-
dures will be required to achieve higher titers of IgY; field

@ Springer

a-PEDV N DAPI Merge

immunofluorescence staining with an anti-PEDV N antibody. The
sections were then counterstained with DAPI and examined using a
fluorescence microscope at 200x magnification

Group 2

Group 4

studies on farms will be needed to better evaluate the efficacy
of anti-S1 IgY. These studies will provide additional practical
information for the future use of this alternative IgY method
as a supplement to passive immunity against PED and other
economically important viral diseases.
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