
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



E
v

P
D
a

b

o
c

d

e

a

A
R
R
A

K
P
F
I
P

1

d
v
p
w

K

h
0

Veterinary Immunology and Immunopathology 174 (2016) 45–49

Contents lists available at ScienceDirect

Veterinary  Immunology  and  Immunopathology

j o ur na l ho me  page: www.elsev ier .com/ locate /vet imm

fficacy  of  an  inactivated  genotype  2b  porcine  epidemic  diarrhea
irus  vaccine  in  neonatal  piglets

il-Soo  Baeka, Hwan-Won  Choia,  Sunhee  Leeb, In-Joong  Yoona, Young  Ju  Leec,
u Sik  Leed,  Seungyoon  Leee,  Changhee  Leeb,∗

Choongang Vaccine Laboratory, Daejeon 34055, Republic of Korea
Animal Virology Laboratory, School of Life Sciences, BK21 Plus KNU Creative BioResearch Group, Kyungpook National University, Daegu 41566, Republic
f  Korea
College of Veterinary Medicine, Kyungpook National University, Daegu 41566, Republic of Korea
College of Veterinary Medicine, Jeju National University, Jeju 63243, Republic of Korea
HanByol Farm Tech, Namyangju, 12260, Republic of Korea

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 7 March 2016
eceived in revised form 15 April 2016
ccepted 22 April 2016

eywords:
orcine epidemic diarrhea virus
ield isolate
nactivated vaccine
rotective efficacy

a  b  s  t  r  a  c  t

Massive  outbreaks  of porcine  epidemic  diarrhea  virus  (PEDV)  recurred  in South  Korea  in 2013–2014
and  affected  approximately  40%  of  the  swine  breeding  herds  across  the  country,  incurring  a  tremendous
financial  impact  on producers  and consumers.  Despite  the  nationwide  use  of  commercially  available
attenuated  and  inactivated  vaccines  in  South  Korea,  PEDV  has continued  to plague  the  domestic  pork
industry,  raising  concerns  regarding  their  protective  efficacies  and the  need for  new  vaccine  development.
In  a previous  study,  we  isolated  and  serially  cultivated  a Korean  PEDV  epidemic  strain,  KOR/KNU-
141112/2014,  in  Vero  cells.  With  the availability  of  a cell  culture-propagated  PEDV  strain,  we are  able  to
explore  vaccination  and  challenge  studies  on  pigs.  Therefore,  the  aim  of the  present  study  was  to  pro-
duce  an  inactivated  PEDV  vaccine  using  the  KNU-141112  strain  and  evaluate  its  effectiveness  in  neonatal
piglets.  Pregnant  sows  were  immunized  intramuscularly  with  the inactivated  adjuvanted  monovalent
vaccine  at  six  and  three  weeks  prior  to  farrowing.  Six-day-old  piglets  born  to  vaccinated  or  unvaccinated
sows  were  challenged  with  the homogeneous  KNU-141112  virus.  The  administration  of  the  inactivated
vaccine  to sows  greatly  increased  the  survival  rate  of  piglets  challenged  with  the  virulent  strain,  from
0%  to  approximately  92%  (22/24),  and  significantly  reduced  diarrhea  severity  including  viral  shedding  in
feces. In  addition,  litters  from  unvaccinated  sows  continued  to lose  body  weight  throughout  the  exper-
iment,  whereas  litters  from  vaccinated  sows  started  recovering  their  daily  weight  gain  at 7  days  after

the  challenge.  Furthermore,  strong  neutralizing  antibody  responses  to PEDV  were  verified  in immunized
sows  and their  offspring,  but  were  absent  in the  unvaccinated  controls.  Altogether,  our data  demonstrated
that  durable  lactogenic  immunity  was  present  in  dams  administrated  with  the  inactivated  vaccine  and
subsequently  conferred  critical  passive  immune  protection  to  their  own  litters  against  virulent  PEDV
infection.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Porcine epidemic diarrhea (PED) is a highly contagious and
eadly swine disease that is characterized by watery diarrhea,

omiting, severe dehydration, and high mortality rates in neonatal
iglets (Lee, 2015; Saif et al., 2012). Although this enteric disease
as first recognized in England in 1971, it was not identified until
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E-mail address: changhee@knu.ac.kr (C. Lee).
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1978 when a coronavirus was described as the etiological agent
of PED (Oldham, 1972; Pensaert and Debouck, 1978). PED virus
(PEDV) is a member of the genus Alphacoronavirus within the family
Coronaviridae of the order Nidovirales (Pensaert and Debouck, 1978;
Lee, 2015). PEDV is a large, enveloped virus that contains a single-
stranded positive-sense RNA genome of approximately 28 kb with
a 5′ cap and a 3′ polyadenylated tail (Pensaert and Debouck, 1978;
Saif et al., 2012). The PEDV genome is composed of a 5′ untrans-

lated region (UTR), at least 7 open reading frames (ORF1a, ORF1b,
and ORFs 2–6), and a 3′ UTR (Kocherhans et al., 2001). The two
large ORF1a and ORF1b encode two  replicase polyproteins (pp),
1a and 1ab, which are later proteolytically processed into mature

dx.doi.org/10.1016/j.vetimm.2016.04.009
http://www.sciencedirect.com/science/journal/01652427
http://www.elsevier.com/locate/vetimm
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vetimm.2016.04.009&domain=pdf
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on-structural proteins. The remaining ORFs in the 3′ terminal
egion code for four major structural proteins, namely, the spike
S), membrane (M), envelope (E), and nucleocapsid (N) proteins
Duarte and Laude, 1994; Lai et al., 2007; Lee, 2015). Among these,
he S glycoprotein has been considered an appropriate viral gene for
equencing in order to investigate genetic relatedness and molec-
lar epidemiology of PEDV isolates (Chen et al., 2014; Gerber et al.,
014; Lee et al., 2010; Lee and Lee, 2014; Oh et al., 2014). On the
asis of phylogenetic analysis of the S gene, PEDV can be genetically
ivided into 2 groups: genogroup 1 (G1; classical or recombinant
nd low-pathogenic) and genogroup 2 (G2; field epidemic or pan-
emic and high-pathogenic), each of which is composed of two
ubgroups, 1a and 1b, and 2a and 2b, respectively (Lee, 2015; Lee
t al., 2010; Lee and Lee, 2014; Oh et al., 2014).

Although PED has been described in Europe and Asia, the most
erious epizootics have occurred predominantly in Asian swine-
roducing countries over the past two decades. Despite a notorious
eputation in Asia, PED was not globally well recognized until the
isease struck the United States in early 2013. Since its incursion

nto the US, PEDV has rapidly spread nationwide and to neighbor-
ng countries, sustaining enormous damages in pig health and the
ork industry (Mole, 2013; Stevenson et al., 2013; Vlasova et al.,
014). Soon thereafter, severe PED epidemics recurred in South
orea, Japan, and Taiwan, and US prototype-like G2b PEDV strains
ere responsible for recent outbreaks in these countries (Lee and

ee, 2014; Lin et al., 2014; Suzuki et al., 2015). More recently, PEDV
e-emerged throughout western and central Europe (Boniotti et al.,
016; Hanke et al., 2015; Grasland et al., 2015; Mesquita et al., 2015;
teinrigl et al., 2015; Theuns et al., 2015). These re-emergent PEDV
trains were phylogenetically similar to new low-pathogenic G1b
ariants identified first in China and later in the US, South Korea,
nd Japan (Lee et al., 2014b; Li et al., 2012; Suzuki et al., 2015;
ang et al., 2014). Therefore, PED is now considered an emerging

nd re-emerging viral disease of swine around the world, leading
o significant financial concerns in the global pork business.

The first PED epizootic in South Korea was reported in 1992
Kweon et al., 1993). Since then PED outbreaks have continually
ccurred, resulting in substantial economic losses to the domestic
wine industry. Moreover, the recent 2013–2014 PED epidemics
wept through the national herd and killed hundreds of thousands
f piglets across mainland South Korea followed by Jeju Island
Lee et al., 2014a; Lee and Lee, 2014). Meanwhile, all four dif-
erent genotypes of PEDV are present in South Korea, including
accine strains (G1a), new variants (G1b), past epidemic strains
G2a), and current dominant epidemic strains (G2b) (Lee, 2015;
ee et al., 2010; Lee et al., 2014b; Lee and Lee, 2014). Although
oth modified live and inactivated/killed vaccines against PED are
ommercially available in South Korea, their efficacy in the field
s still being debated. The low to moderate effectiveness of current
EDV vaccines may  be attributed to antigenic, genetic, and phyloge-
etic differences between the major S glycoproteins of the vaccine
nd field epizootic strains (Kim et al., 2015; Lee, 2015; Lee et al.,
010; Lee and Lee, 2014; Lee et al., 2014a; Oh et al., 2014). Con-
idering these issues, G2b epidemic or related strains prevalently
irculating in the field should be employed for the development of
ext-generation vaccines to control PED. However, isolating PEDV

n cell culture has proven fastidious, and even the isolated virus
ay  be incapable of retaining infectivity upon further in vitro pas-

age. This laboratory hurdle makes the production of efficacious
accines difficult. Recently, a highly virulent Korean G2b strain
OR/KNU-141112/2014 was isolated in our laboratory and sequen-

ially passaged in cell culture. In the present study, we developed

 Korean field isolate-derived inactivated vaccine and assessed its
fficacy on suckling piglets against homogeneous PEDV challenge.
 Immunopathology 174 (2016) 45–49

2. Materials and methods

2.1. Cells and virus

Vero cells (ATCC CCL-81) were cultured in alpha minimum
essential medium (�-MEM;  Invitrogen, Carlsbad, CA) with 5% fetal
bovine serum (FBS; Invitrogen) and antibiotic-antimycotic solu-
tions (100×; Invitrogen) and maintained at 37 ◦C in a humidified
5% CO2 incubator. A Korean PEDV strain, KOR/KNU-141112/2014,
was isolated and propagated in Vero cells in our lab as described
previously (Lee et al., 2015). A viral stock at the 10th passage in cell
culture (KNU-141112-P10) was  prepared and used in this study.
Briefly, confluent Vero cells grown in 100-mm diameter tissue cul-
ture dishes were washed with PBS and inoculated with 1 ml  of
10-fold diluted PEDV KNU-141112 containing trypsin (USB, Cleve-
land, OH). After incubating at 37 ◦C for 1 h, 7 ml  of virus growth
medium [�-MEM supplemented with antibiotic-antimycotic solu-
tions, 0.3% tryptose phosphate broth (TPB; Sigma, St. Louis, MO),
0.02% yeast extract (Difco, Detroit, MI), 10 mM HEPES (Invitro-
gen), and 5 �g/ml of trypsin] was added. The inoculated cells were
maintained at 37 ◦C under 5% CO2 and monitored daily for cyto-
pathic effects (CPE). When 70% CPE appeared, inoculated cells
were subjected to three rounds of freezing and thawing. The cul-
ture supernatants were then centrifuged for 10 min  at 400g (Hanil
Centrifuge FLETA5, Incheon, South Korea) and filtered through a
0.45-�m-pore-size filter (Millipore, Billerica, MA). The clarified
supernatants were aliquoted and stored at −80 ◦C as the viral stock
until use.

2.2. Virus inactivation

Before inactivation, KNU-141112-P10 virus was  purified as
described previously (Lee and Lee, 2013), and the purified virus
(107.0 TCID50/ml) was inactivated for use as a vaccine. Inactivation
of PEDV with binary ethylenimine (BEI) was performed as described
previously (Vanhee et al., 2009). Briefly, virus was inactivated by
the addition of 0.1 M BEI to a final volume of 5% and incubating at
37 ◦C for 24 h. Excess BEI was then neutralized by incubation with
sodium thiosulfate at 37 ◦C for 2 h. Inactivated virus was  stored at
−80 ◦C until use. Virus inactivation was  verified by inoculation of
Vero cells with the BEI-treated virus. The inoculated cells were ana-
lyzed for CPE, followed by immunofluorescent staining with a PEDV
N protein-specific monoclonal antibody (Lee et al., 2015).

2.3. Experimental design

Swine vaccination and challenge experiments described here
were performed at the Choongang Vaccine Laboratory Animal Facil-
ity under the guidelines established by its Institutional Animal Care
and Use Committee. A total of 5 commercial crossbred sows (Great
Yorkshire × Dutch Landrace) with the same parity and expected far-
rowing date were chosen at a conventional breeding farm with a
high health status and no known prior PED outbreak or vaccination
with PEDV. All animals were confirmed negative for PEDV, trans-
missible gastroenteritis virus (TGEV), porcine deltacoronavirus,
and porcine rotaviruses by virus-specific PCRs on rectal swabs
and determined to be free of antibodies to PEDV as well as to
TGEV and porcine reproductive and respiratory syndrome virus.
Pigs were randomly assigned to 2 experimental groups: vaccinated
group 1 (n = 3; V1, V2, and V3) and unvaccinated group 2 (n = 2;
C1 and C2). Three sows in group 1 were intramuscularly (IM) vac-
cinated twice at 6 and 3 weeks prior to farrowing with 2 ml of

the experimental vaccine (1 ml  of the inactivated virus in a 1 ml
water-in-oil adjuvant) containing 107 TCID50 of the BEI-inactivated
PEDV KNU-141112 strain. The remaining two  sows in group 2 were
not vaccinated and served as controls. At 5 days post-farrowing,
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Fig. 1. Clinical significance scores in piglets from vaccinated (Gv) and unvaccinated
(Gc) sows during the first 7 dpc. CSS was measured as described in Section 2. Error
bars represent standard deviations. P values were calculated by comparing Gv and
Gc groups using the Mann-Whitney U test. *, P = 0.001 to 0.05; †, P < 0.001.
P.-S. Baek et al. / Veterinary Immunolo

 suckling piglets per litter (a total of 40 newborn piglets) were
andomly selected from each vaccinated or unvaccinated sow and
ere relocated to the experimental facility. Upon arrival, piglets

rom the same litter were housed together in 5 separate rooms:
iglets (Gv1, Gv2, and Gv3, n = 24) from V1, V2, and V3 in rooms
–3 and piglets (Gc1 and Gc2, n = 16) from C1 and C2 in rooms 4 and
, respectively. Pigs were fed commercial milk replacer frequently
4–6 times daily) and had ad libitum access to water for the dura-
ion of the study (17 days). Following a 1-day acclimation period, all
iglets (6-days old) from the vaccinated and unvaccinated groups
ere challenged orally with a 1 ml  dose of 102.7 TCID50/ml  of KNU-

41112-P10 virus (Lee et al., 2015; Lee and Lee, 2015). Clinical signs
f vomiting, diarrhea, and mortality were monitored daily through-
ut the experiment. Stool samples from all groups were collected
rior to inoculation and daily with 16 inch, cotton-tipped swabs
nd subjected to RT-PCR using an i-TGE/PED Detection Kit (iNtRON
iotechnology, Seongnam, South Korea) and real-time RT-PCR to
etect the presence of PEDV shedding as described previously (Lee
t al., 2015). Clinical significance score (CSS) was determined with
he following scoring criteria as a measure of diarrheal severity
ased on both visual examination and fecal PEDV shedding for 7
ays post-challenge (dpc): 0, normal and no diarrhea (mean Ct val-
es of > 45); 1, mild and fluidic feces; 2, moderate watery diarrhea;
, severe watery and projectile diarrhea (mean Ct values of < 20); 4,
eath. Piglets were weighed daily until the end of the experiment.
lood samples were collected from sows prior to vaccination and
t farrowing and also from 3 representative piglets per litter from
ach dam at 5 days after birth.

.4. Virus neutralization

The presence of PEDV-specific neutralizing antibodies in serum
amples collected from sows and representative suckling pigs from
ll groups was determined using a virus neutralization test in
6-well microtiter plates using PEDV isolate KNU-141112, as pre-
iously described (Lee and Lee, 2015) with minor modifications.
riefly, Vero cells were grown at 2 × 104/well in 96-well tissue cul-
ure plates for 1 day. The KNU-141112-P10 viral stock was  diluted
n serum-free �-MEM to make 200 TCID in a 50 �l volume. The
iluted virus was then mixed with 50 �l of 2-fold serial dilutions of

ndividual inactivated sera in 96-well plates and incubated at 37 ◦C
or 1 h. The mixture was inoculated into Vero cells and incubated at
7 ◦C for 1 h. After removing the mixture, the cells were thoroughly
insed 5 times with PBS and maintained in virus growth medium at
7 ◦C in a 5% CO2 incubator for 2 days. The neutralization titer was
alculated as the reciprocal of the highest dilution of serum that
nhibited virus-specific CPE in all of the duplicate wells.

.5. Statistical analysis

The nonparametric Mann-Whitney U test was used for all sta-
istical analyses, and P-values of less than 0.05 were considered
tatistically significant.

. Results

.1. Efficacy of an inactivated KNU-141112 vaccine

Three sows were vaccinated twice with the inactivated vaccine
t 3-week intervals prior to farrowing, while 2 control animals were
ot vaccinated. Sows in vaccinated and unvaccinated groups expe-
ienced no signs of clinical infection with PEDV during gestation.

o PEDV genetic material was detected in fecal samples from any

ow by RT-PCR over the duration of the study.
Eight piglets per litter from each sow were delivered to the ani-

al  facility at 5 days following farrowing and allowed to acclimate
Fig. 2. Survival rate of piglets from vaccinated (Gv) and unvaccinated (Gc) sows
after challenge through 17 dpc.

for 24 h. Challenge-exposure was  performed orally to the 6-day-old
piglets with 1 ml of the virulent KNU-141112 virus. Clinical signs
were recorded daily and fecal swabs were collected prior to and
after challenge for the duration of the study. During the acclima-
tion period, all piglets were active and had no clinical symptoms
with normal fecal consistency, and the fecal samples from all 40
piglets were negative by PEDV-specific RT-PCR. PEDV-challenged
piglets from unvaccinated sows exhibited clinical signs including
lethargy and diarrheic feces by 1 dpc (mean CSS of 0.7) and experi-
enced severe watery diarrhea with vomiting thereafter (mean CSS
of > 2.5), whereas piglets from vaccinated sows had mild diarrhea
beginning at 2 dpc (mean CSS of < 1.5) (Fig. 1). These results revealed
that litters from vaccinated sows exhibited significantly less diar-
rhea compared to those from unvaccinated sows. PEDV-associated
mortality occurred in 6 of 16 piglets (37.5%) from unvaccinated
sows at 4 dpc, and all of the remaining animals died by 9 dpc, indi-
cating 100% mortality in the unvaccinated control group (Fig. 2).
In contrast, nearly all litters from vaccinated sows remained alive
throughout the study, with the exception of 2 piglets that died at
11 and 13 dpc, respectively.

In addition, the average daily weight gain (ADG) per litter from
vaccinated or unvaccinated sows was calculated at the indicated
time points (Fig. 3). Following virus challenge, litters from vac-
cinated sows began to decline in ADG at 2 dpc and continued to

lose body weight until 6 dpc. However, starting at 7 dpc, those
animals exhibited a gradual increase in body weight gain and
consistently had an ADG of 100–300 g during the remaining exper-
imental period. In contrast, after 1 dpc, litters from unvaccinated
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Fig. 3. Average daily weight gain rate of piglets from vaccinated (Gv) and unvac-
cinated (Gc) sows after challenge through 17 dpc. Due to no piglets surviving after
9  dpc in the Gc group, daily weight gain could not be determined. Error bars repre-
sent standard deviations. P values were calculated by comparing Gv and Gc groups
using the Mann-Whitney U test. *, P = 0.001 to 0.05; †,  P < 0.001.

Table 1
PEDV-specific virus neutralizing (VN) antibody titers of the sera of sows and their
corresponding litters.

Sowa VN Pigletb VN

V1 64 Gv1-1 64
Gv1-2 >256
Gv1-3 >256

V2  >256 Gv2-1 128
Gv2-2 64
Gv2-3 >256

V3  128 Gv3-1 128
Gv3-2 128
Gv3-3 >256

C1  <4 Gc1-1 <4
Gc1-2 <4
Gc1-3 <4

C2  <4 Gc2-1 <4
Gc2-2 <4
Gc2-3 <4

a Serum samples of sows collected before vaccination were not included, since
t

s
t
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d
a

3

s
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a
s
1
t
t
t
s
c
t
t

direct transmission of virus to other animals. Moreover, we  were
hey had VN antibody titers less than 1:4.
b Serum samples were collected from 3 representative piglets per litter at −1 dpc.

ows exhibited significantly reduced ADGs, over 10% less compared
o those from vaccinated sows, and no piglets demonstrated an
ncrease in ADG over the course of the study. Taken together, these
ata indicate that diarrheal severity by PEDV infection negatively
ffects the growth performance of piglets.

.2. Antibody response of an inactivated KNU-141112 vaccine

Measuring quantities of neutralizing antibodies against PEDV in
erum and colostrum is necessary to monitor the immunity level
ollowing sow immunization. Thus, individual samples were col-
ected from sows before vaccination and at farrowing and from
eonatal piglets before challenge and tested for their neutralizing
ctivity against KNU-141112. As shown in Table 1, the vaccinated
ow sera and colostra were highly effective in inhibiting KNU-
41112 infection, with mean neutralizing antibody titers greater
han 1:128 and 1:256, respectively. Furthermore, piglets represen-
ative of each litter had neutralizing antibody levels comparable
o those of their own dam, indicating lactogenic immunity pas-
ively acquired from vaccinated sows. In contrast, none of the sera

ollected from unvaccinated sows and their offspring showed neu-
ralizing activity against PEDV. Taken together, our data indicate
hat the inactivated PEDV vaccine elicits potent antibody responses
 Immunopathology 174 (2016) 45–49

in sows, which are then transferred to their litters via lactation to
induce protection against the disease.

4. Discussion

Vaccination is a fundamental strategy for controlling and erad-
icating PED during epidemic or endemic outbreaks. As a first step
toward developing an effectual vaccine for prevention of the dis-
ease, we must obtain a PEDV isolate that can grow productively
in cell culture. In South Korea, three PEDV strains, SM98-1, DR-
13, and Chinju99, were initially isolated almost two  decades ago.
Genetic and phylogenetic analyses revealed that SM98-1 and DR-
13 are classified into the classical G1 genogroup, whereas Chinju99
belongs to the field epidemic G2 genogroup. Since only G1 strains
(SM98-1 and DR-13) can be serially propagated in vitro, they have
been employed as seeds for live attenuated or inactivated vaccines.
Despite the nationwide implementation of vaccination against PED,
the disease has continually affected pig farms and become endemic
in South Korea, fueling doubt as to the effectiveness of domestic
vaccines for PED control in the field. We  have been monitoring the
genetic diversity of PEDV circulating in the field and found that
antigenic and genetic variations have occurred between vaccine
and field strains, exhibiting a more than 10% amino acid difference
in the S protein (Lee et al., 2010; Lee and Lee, 2014; Lee, 2015;
Oh et al., 2014). These findings appear to contribute to the incom-
plete efficacy of current vaccines in South Korea, suggesting that the
isolation of field PEDV is imperative for next-generation vaccine
development. We  recently accomplished the successful isolation
and propagation of a Korean virulent PEDV strain in Vero cells that
is genotypically almost identical to the global field strains caus-
ing the recent severe PED epidemics in Asia and the Americas (Lee
et al., 2015). In this study, we sought to develop an inactivated
vaccine using the Korean virulent G2b strain and investigated the
effectiveness of this vaccine under experimental conditions

Sows were allocated to 2 groups with or without 2 IM admin-
istrations of the inactivated vaccine at 3-week intervals before
farrowing. Suckling piglets born to all sow groups were challenged
with a homogeneous virulent PEDV strain. The disease intensity,
characterized by mortality and morbidity, was compared daily
between litters from vaccinated and unvaccinated sows through-
out the study. Piglets from the unvaccinated control sows showed
much higher mean CSS as determined by diarrhea severity, includ-
ing fecal shedding of PEDV, than those from vaccinated sows. When
differences in CSS between the groups were assessed in the first
7 dpc, the Gv and Gc piglets exhibited CSS values of 0.0–1.5 and
0.7–3.3, respectively. As a result, all Gc piglets died within 9 dpc,
whereas no Gv piglets died over the same experimental period
(though mortality occurred later in 2 piglets). Moreover, the Gc
piglets experienced serious body weight loss, likely due to severe
watery diarrhea and vomiting until death. A recent study revealed
that commercially available inactivated vaccines based on classical
G1 strains enhanced the survival rate of piglets challenged with
a field isolate from 18.2% to 80%, but failed to relieve the mor-
bidity rate of diarrhea including virus-shedding feces (Lee, 2015).
Considering those data, the G2b strain-derived inactivated vaccine
developed in this study was more efficacious than current domes-
tic vaccines in terms of reductions in mortality rate and diarrheal
severity. Although the administration of our vaccine to sows did not
completely prevent morbidity in piglets upon challenge, a decrease
in fecal shedding of PEDV would alleviate the environmental bur-
den in the farrowing room by partially eliminating the source for
able to confirm sufficient quantities of neutralizing antibodies in
the sera and colostra of vaccinated sows, as well as representa-
tive offspring sera, indicating that neonatal piglets were protected
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y a transfer of maternal immunity via colostrum and milk from
mmune dams. These results further support the notion that the
ptimal vaccine regimen is associated with retaining high levels of
EDV-specific neutralizing antibodies in the serum and colostrum
f vaccinated sows, although protection against the enteric disease
enerally depends on the presence of secretory IgA antibodies in
he intestinal mucosa (Lee, 2015; Park and Lee, 2009; Park et al.,
011).

In conclusion, the present work demonstrated that sow immu-
ization with the new inactivated vaccine provides protective

actogenic immunity to piglets, thereby reducing mortality, mor-
idity, and fecal shedding through challenge-exposure with
irulent PEDV. Further vaccination-challenge studies will be
eeded to evaluate the inactivated vaccine described in this study

n 1- or 2-day-old piglets under field conditions, and this aspect is
urrently under investigation. Further, for improving morbidity and
ortality to confer complete protection, we are now employing the

orean G2b field epidemic isolate in efforts to develop a modified
ive attenuated vaccine (MLV), which often proves to supply more
reventive benefits than inactivated viral vaccines. Since the advent
f new, effective, and safe PEDV vaccines on the market is expected
n the near future to combat PED, the customized implementation
f vaccines (e.g. the use of MLV  or inactivated vaccines alone, or the
pplication of inactivated vaccines as a booster following MLV  or
eedback) should be established on the basis of field circumstances
o block a primary outbreak, to limit the occurrence of re-infection
r secondary epidemics, or to discontinue endemic infection. More
mportantly, we should bear in mind that full biosecurity and hus-
andry management must be accompanied in the field to maximize
accine effectiveness for prevention and control of PED.

. Conclusions

In this study, sow vaccination with the G2b epidemic strain-
erived inactivated vaccine protected piglets against virulent PEDV
hallenge. The new inactivated vaccine mediated strong neutraliza-
ion antibody responses in vaccinated sows and offspring.
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