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Abstract
Devastating outbreaks of porcine epidemic diarrhea (PED) started in China in late 2010 and rapidly spread to North America and
Asia causing severe diarrhea and high mortality in neonatal piglets, indicating that a new generation of vaccine against porcine
epidemic diarrhea virus (PEDV) is urgently needed. In the present study, to mimic the native spike (S) glycoprotein, a stable cell
line producing the trimeric ectodomain of S glycoprotein of the PEDV Pintung-52 (PEDV-PT) strain was successfully established
by incorporating T4 bacteriophage foldon sequence of fibritin trimerization domains at the C-terminal end and replacing the signal
peptide of S protein with the tissue plasminogen activator signal peptide sequence at the N terminal end. The trimeric structure, bio-
reactivity to PEDV-specific antibodies, and the N-glycosylation level of the recombinant S protein were characterized. To induce
systemic andmucosal immunity, conventional 5-week-old piglets were immunizedwith the trimeric S glycoprotein combined with
the B subunit of Escherichia coli heat-labile enterotoxin (LTB) by the intramuscular (IM) route. As compared with the control
group, all piglets in the S protein-LTB immunized (IM PEDV S-LTB) group generated systemic PEDV S-specific IgG and
neutralizing antibody in blood but a low level of fecal PEDV-specific IgA and limited protection against challenge of PEDV-PT
strain. Our results suggest that the recombinant PEDV trimeric S glycoprotein could be a potential subunit vaccine candidate
against PEDV, but IM immunization with LTB as the adjuvant provided insufficient protection. The development of a vaccine
regimen for inducing mucosal immunity is an important task for generating a successful subunit vaccine against PEDVs.
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Introduction

Before 2010, most of the historic type of porcine epidemic
diarrhea (PED) strains caused epidemic or sporadic outbreaks
with transient diarrhea with minimal effect on piglets. However,
devastating PEDVoutbreaks started in China in late 2010 and
rapidly spread to North America and Asia (Chiou et al. 2017; Li

et al. 2012; Park et al. 2011; Temeeyasen et al. 2014; Zhou et al.
2012) causing severe diarrhea and high mortality in neonatal
piglets. So far, there are two conditionally licensed PEDV vac-
cines, alphavirus-based vaccine (Harrisvaccines) and an
inactivated vaccine (Zoetis), available in the USA, but not avail-
able in other countries. Furthermore, the protective efficacy of
these vaccines in the field is still uncertain (Langel et al. 2016).
Therefore, a new generation of subunit vaccine against PEDVis
still urgently needed.

PEDV belongs to Coronaviridae and contains seven open
reading frames (ORFs) which encode for four structural pro-
teins, including spike (S), membrane (M), envelope (E), and
nucleocapsid (N), and three non-structural proteins, namely
replicases 1a and 1b, and ORF3 (Song and Park 2012). The
S protein of PEDVis a group of trimeric glycoproteins present
on the viral surface and is composed of S1 and S2 domains
(Sun et al. 2006). The S1 domain mediates the interaction
between the host cell receptor glycoprotein for viral entry
and attachment and induces the neutralizing antibodies in
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the hosts (Cruz et al. 2008; Sun et al. 2008). The S2 domain is
responsible for membrane fusion. Furthermore, the CO-26K
equivalent epitope (COE) (aa position 499–638) and N-
terminal domain in S1 region have been reported as a neutral-
izing epitope and potential sugar co-receptor binding area for
PEDV, respectively (Deng et al. 2016; Sun et al. 2006).
Therefore, S protein has been a major target for PEDV vaccine
development (Ge et al. 2012; Makadiya et al. 2016; Oh et al.
2014; Piao et al. 2016). The Taiwan PEDV Pintung-52
(PEDV-PT) strain, which was a high virulent genogroup 2b
(G2b) PEDV strain isolated in Taiwan in early 2014, sharing
99.7 to 99.8% nucleotide sequence identity to the USA-Iowa
28- 2013, USA-Kansas 29-2013, USA-Texas 39-2013, or
Canada-PEI-023 PEDV strains. The finding suggests that
the Taiwan PEDV-PT S glycoprotein might serve as a good
subunit vaccine candidate for protection of the G2b PEDVs
worldwide (Chang et al. 2017; Chiou et al. 2017).

Recently, several studies using truncated S1 proteins or in-
activate S protein combined with commercial adjuvants, such
as water/oil/water multiple emulsions or TriAdj adjuvants, as
subunit vaccine regimens by intramuscular (IM) administra-
tion have been demonstrated being able to induce robust sys-
temic IgG and neutralizing antibody against PEDVs but fail to
completely prevent clinical symptoms and fecal viral shedding
(Lee et al. 2018; Oh et al. 2014; Subramaniam et al. 2018).
Although vaccinations with various adjuvants administered by
mucosal routes, such as intranasal or oral, have been intensely
explored and appear promising for eliciting protectivemucosal
immunity (Haan et al. 2001; Marchioro et al. 2014), their ap-
plication in clinical practice and pig farms has been limited due
to technical, inconsistencies of vaccine dosage, and labor-
intensive challenges. Intramuscular administration is one of
the most convenient and easiest ways for farmers to administer
vaccinations in pigs, whereas IM route is acknowledged as
being capable to elicit antigen specific systemic immune re-
sponses but generally perceived as incapable of generating
IgA responses or protective mucosal immunity. Cumulative
data from recent studies suggest that systemically administered
antigens with B subunit of Escherichia coli heat-labile entero-
toxin (LTB) as adjuvant might be able to stimulate systemic
and mucosal immunities to provide protection against viral or
bacterial pathogens challenge in mice (Haan et al. 2001;
Weltzin et al. 2000). However, the parenteral adjuvant activi-
ties of the LTB in pigs by IM administration are not explored.

In the present study, an immunogen containing trimeric
full-length ectodomain of the Taiwan PEDV-PT S protein
was generated. The structure and biological characteristics
of the recombinant S protein were characterized. The im-
munogenicity and the protection efficacy of the recombi-
nant S protein with LTB as a subunit vaccine regimen by
IM administration against the PEDV-PT challenge were
evaluated in 5-week-old, PEDV-seronegative conventional
piglets.

Material and methods

Construction of the trimeric ectodomain of S protein
of PEDV

The nucleotide sequence of S ectodomain, derived from the
Taiwan G2b PEDV-PT strain (GenBank accession no.
KP276252), combined with T4 bacteriophage foldon sequence
of fibritin trimerization domains (Tao et al. 1997) in the C-
terminal end was codon optimized (GenBank accession no.
MH085496) for human cell and synthesized by Genscript
Corporation (Piscataway, NJ, USA). In addition, the signal pep-
tide of the PEDV spike protein was replaced by a tissue plas-
minogen activator signal peptide (tPA-SP) sequence in order to
increase the protein production (Wang et al. 2011). The sche-
matic of the construct is shown in Fig. 1. The synthetic genewas
inserted into BamHI-NotI restriction sites of the pcDNA™ 3.1/
V5-His TOPO® vector (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s instruc-
tions. The size of the insert and vector were confirmed by gel
electrophoresis and purified using QIAquick Gel Extraction Kit
(Qiagen, Chatsworth, CA, USA). Ligation was performed using
T4 DNA ligase and T4 DNA Ligase Reaction Buffer (New
England Biolabs, Beverly, Mass, USA) and incubated at
16 °C overnight. One Shot TOP10 chemically Competent E.
coli (Invitrogen) was used for transformation following the
manufacturer’s descriptions. Plasmid extraction was performed
by using QIAprep® Spin Miniprep Kit (Qiagen) as manufac-
turer’s protocol. The plasmid was further confirmed by nucleo-
tide sequencing (Tri-I Biotech Inc., Taipei, Taiwan).

Cell transfection to establish stable cell line
expressing ectodomain of S protein of PEDV

Human embryonic kidney (HEK) 293 cells (ATCC® CRL-
1573™) were transfected with the plasmid using GenJet Plus
In Vitro DNATransfection Reagent (SignaGen® Laboratories,
MD, USA) according to the manufacturer’s protocol. After
48 h of transfection, the culture medium was replaced with
fresh culture medium containing 750 μg/ml Geneticin (G418,
Gibco, Thermo Fisher Scientific). The cells weremaintained in
this medium for 2 weeks to establish a cell line stably express-
ing the trimeric S ectodomain protein of PEDV. Expression of
the S protein was detected based on immunocytochemical
staining (ICC) and western blot assay using the anti-V5 anti-
body (Invitrogen, Thermo Fisher Scientific).

Purification of recombinant S protein

The HEK 293 cells stably expressing full-length S protein
were harvested and resuspended in 350 ml of FreeStyle 293
expression medium (Gibco) and were cultured in a
CELLSPIN system (INTERGRA bioscience, NH, USA) for
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7 days. The supernatant was collected, centrifuged at
1000 rpm for 10 min, and passed through a 0.22-μm pore size
filter. Each liter of the supernatant was added to 20 ml of
HisPur Cobalt Resin (Thermo Fisher Scientific) following
the manufacturer’s protocols. The eluted protein was concen-
trated using Vivaspin® 20 (GE Healthcare Life Sciences,
Uppsala, Sweden) with 100 kDa molecular weight cutoff,
added with cOmplete™ EDTA-free Protease Inhibitor
Cocktail (Roche Molecular Biochemicals, Laval, Quebec,
Canada) and stored at − 20 °C for subsequent use.

Properties of the recombinant S protein

Trimeric conformation and glycoprotein size confirmation
of the recombinant S protein

A gradient sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE) gel was casted using T-Pro EZ Gel
Solution (T-Pro Biotechnology, Taiwan) as per the manufac-
turer’s protocol. The purified S protein samples were mixed
with 4X NuPAGE® LDS Sample Buffer (Thermo Fisher
Scientific) and denatured at different temperatures, with or
without 10X NuPAGE® Reducing Agent (Thermo Fisher
Scientific). The S protein was subjected to either one of follow-
ing conditions: heating at 65 °C for 10 min without reducing
agent, heating at 95 °C for 5 min without reducing agent, or
heating at 95 °C for 5 min with reducing agent. For detection of
N-glycosylation pattern of PEDV S glycoprotein, the S protein
was digested with or without peptide N-glycosidase F (PNGase
F, New England Biolabs, MA, USA) according to the manu-
facturer’s instructions. After electrophoresis and protein trans-
fer, polyvinylidene difluoride (PVDF) membranes (Bio-Rad,
Hercules, CA, USA) were blocked with 5% skim milk (diluted
with Tris-buffered saline containing 0.05% Tween 20, TBST)
for 1 h andwashedwith TBST.Western blottingwas performed

by staining with the anti-V5 antibody (1:5000 dilution in TBST
buffer; Life Technologies, Novex, USA) and horseradish
peroxidase-conjugated goat anti-mouse IgG (1:10000 dilution
in blocking buffer; Jackson ImmunoResearch Laboratories,
Philadelphia, USA) as primary and secondary antibodies, re-
spectively. Finally, the membranes were developed using
Clarity™ Western ECL Blotting Substrates (Bio-Rad) and de-
tected by ChemiDoc™ Imaging Systems (Bio-Rad).

Bioreactivity of the recombinant S protein

The PVDF membranes used to confirm the protein size and
trimeric structure of S protein were stripped using Restore™
Western Blot Stripping Buffer (Thermo Fisher Scientific) ac-
cording to the manufacturer’s protocol, followed by six
rounds of TBSTwashing. The membrane was re-probed with
anti-PEDV hyperimmune serum (1:1000 dilution in TBST)
and stained by horseradish peroxidase-conjugated goat anti-
pig IgG (1:1000 dilution; Kirkegaard & Perry Laboratories,
MD, US). Finally, the membranes were developed using
Clarity™ Western ECL Blotting Substrates (Bio-Rad) and
detected by ChemiDoc™ Imaging Systems (Bio-Rad).

Estimation of the molecular weight of the S glycoprotein

To estimate the protein size of PEDV S glycoprotein, native
polyacrylamide gel electrophoresis using a 10% acrylamide/
Bis-acrylamide (Bio-Rad) separating gel with 4% acrylamide/
Bis-acrylamide stacking gel was performed. The S protein
samples were mixed with 2X sample buffer, containing 25%
glycerol (Sigma-Aldrich, St. Louis, Missouri, USA) and 1%
bromophenol blue (Sigma-Aldrich) in 62.5 mM Tris-HCl at
pH 6.8, and heated at 95 °C for 5 min. The protein electropho-
resis was performed in running buffer containing 25 mM Tris
and 192mMglycine at 180V for 4 h. After electrophoresis, the

Fig. 1 The construction schematic of the trimeric ectodomain of the
PEDV spike protein. The vector, pcDNA3.1/V5-His-TOPO, contained
sequences of human cytomegalovirus promoter (Pcmv), ampicillin and
neomycin resistance genes, restriction enzyme sites (BamHI and Not I),
V5 epitope, and six histidine tail (His6). PEDV-PT ectodomain sequence

with tissue plasminogen activator signal peptide (tPA-SP) sequence at the
N-terminal end and foldon domain of phage T4 fibritin (T4 foldon se-
quence) at the C-terminal end was inserted between the BamHI and Not I
restriction enzyme sites of the pcDNA3.1/V5-His-TOPO vector
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protein gel was stained with Coomassie Brilliant Blue R-250
Staining Solution (Bio-Rad) as per the manufacturer’s protocol
and detected by ChemiDoc™ Imaging Systems (Bio-Rad).

Immunogenicity of the recombinant S protein

Immunization with the recombinant S protein and challenge
with PEDV-PT strain

Six 5-week-old, PEDV seronegative and fecal PEDV RNA
negative, large white x Duroc crossbred piglets were selected
from a conventional pig farm. These piglets were randomly
evenly divided into intramuscular-immunized (IM PEDV S-
LTB; A1-A3, n = 3) and control (B1-B3, n = 3) groups. In the
IM PEDV S-LTB group, the piglets were intramuscularly im-
munized with 50 μg of recombinant S protein, mixed with
10 μg of LTB (Sigma-Aldrich) (Weltzin et al. 2000) as an
adjuvant (in a total volume of 1 ml), every 2 weeks (at 5, 7,
and 9 weeks of age) for three times. Blood was collected from
piglets at each time point of immunization and at 2 weeks after
the third immunization (at 5, 7, 9, and 11 weeks of age).
Plasma was stored at − 20 °C for antibody testing. After
confirming the elevation of systemic PEDV-specific IgG in
the S protein-immunized group, both groups of piglets were
orally challenged with 5 × 105 TCID50 of PEDV-PT strain at
11 weeks of age as previously described (Chang et al. 2017).
The fecal consistency was carefully monitored and recorded
daily (Jung et al. 2015). Fecal swabs were collected every day
for evaluation of fecal viral shedding and measurement of
PEDV-specific IgA antibody titer. The animals were eutha-
nized at 5 days postchallenge (DPC).

Antibody response of the piglets in the IM PEDV S-LTB
and control groups

To evaluate the titers of PEDV-specific plasma IgG and fecal
IgA, 96-well enzyme-linked immunosorbent assay (ELISA)
plates coated with purified recombinant S protein (0.2 μg/
well), following the manufacturer’s protocol of Coating
Solution Concentrate Kit (Kirkegaard & Perry Laboratories),
were used similar to a previous study (Chang et al. 2017).
Twenty-fold diluted plasma and 2-fold diluted fecal samples
were measured in duplicate for detection of plasma IgG and
fecal IgA titers, respectively. The optical density (OD) was
read at a wavelength of 405 nm by EMax Plus Microplate
Reader (Molecular Devices, Crawley, UK). The result was
expressed as sample to positive ratio (S/P ratio), and the cutoff
value of both plasma IgG and fecal IgA detection was 0.1
(95% confidence level).

The plasma neutralizing antibody titer was measured as pre-
viously described (Chang et al. 2017). Heat-inactivated plasma
samples were serially diluted 20-, 40-, 80-, 160-, and 320-fold,
and consequently incubated with 500 TCID50 of PEDV-PT

strain at 37 °C, 5% CO2 for 1 h. The cytopathogenic effects
(CPEs) were monitored in the following 3 days. The neutraliz-
ing titer was determined as the last dilution without CPE.

Monitoring the fecal viral shedding after challenge

The feces collected from rectal swabs, ranging from 0.25 to
0.35 g, were suspended in 1 ml of PBS (Jung et al. 2015; Lin
et al. 2015). RNA extraction and real-time RT-PCR were con-
ducted to quantify the genomic equivalents (GE) in feces
using SYBR® Advantage® qPCR Premix (Clontech, CA,
USA) as previously described (Chang et al. 2017; Jung et al.
2014). Each reaction was confirmed by performing the melt-
ing curve assay, in which samples with a melting curve located
between 84.7–86.1 °C were considered as positive. The effi-
ciency of qPCR ranged from 90.42 to 96.92%.

Statistical analysis

The results of fecal viral shedding and plasma antibody titers
were analyzed by one-way analysis of variance (ANOVA) using
SAS 9.4 (Statistical Analysis System, SAS Institute Inc., Cary,
NC, USA) and statistically compared by Scheffe’s method. A p
value of < 0.05 was interpreted as statistically significant.

Result

Expression of the ectodomain of S protein of PEDV

The expression of the V5-tagged ectodomain of the PEDV-PT
S protein was evaluated using immunocytochemistry staining
(data not shown) and western blotting assay under the dena-
turing condition (Fig. 2). The molecular weight of the PEDV-
PT S ectodomain was about 200–250 kDa, which was larger
than the predicted size of 149 kDa. De-N-glycosylation by
PNGase was performed to study the posttranslational modifi-
cation of the S protein. Compared to the non-digested protein
sample, a significant reduction in protein size after PNGase F
treatment confirmed that the HEK-293-expressed PEDV-PT S
protein was highly glycosylated (Fig. 2).

Trimeric conformation and bioactivity
of the recombinant S protein

To determine the trimeric structure of the foldon peptide con-
taining PEDV-PT S protein, the stability of the protein was
evaluated under different temperature and reduction conditions
(Fig. 3a). Under low level of reduction, as the PEDV-PT S
protein was heated at 65 °C for 10 min without reducing buff-
er, the majority of the protein aggregated within the well but
the remaining protein formed a thin band of about 200 kDa.
When the protein samples were heated at 95 °C for 5 min
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without reducing buffer, a slow-migrating smeared band of a
size larger than the 250 kDa was observed, suggestive of an
oligomeric structure of the S protein. Under the complete re-
duction condition when the PEDV-PT S protein was heated at
95 °C for 5 min with reducing buffer, most of the S protein
changed to a monomer of about 200 kDa. Additionally, as the
same protein membrane was stripped and re-probed with an
anti-PEDV hyperimmune antibody, the oligomeric and mono-
meric proteins, immunoreactive to the PEDV antibody, were
detected (Fig. 3b). To confirm the molecular weight of the
native S protein, native PAGE was performed. The presence
of a band (> 720 kDa) larger than the predicted size (447 kDa)
(Fig. 3c) suggests that the S protein exhibits posttranslational
glycosylation and an asymmetric structure.

Evaluation of immunogenicity of the recombinant S
protein by detection of S-specific plasma IgG, fecal
IgA, and neutralizing antibody titers

The S/P ratio of S-specific IgG titer in the control group remained
undetectable during the experiment. As compared to the control
group, the S/P ratio of PEDV S-specific IgG titer in the blood of

piglets of the IM PEDV S-LTB group slightly increased at
2 weeks postpriming and significantly elevated at 2 weeks
postadministration of the first and second boosters (Fig. 4). The
S/P ratios of the PEDV S-specific IgG in piglets in IM PEDV S-
LTB group were 0.035 ± 0.06, 0.60 ± 0.28, and 1.02 ± 0.37 at
2 weeks after the priming, first, and second boosters, respective-
ly. To evaluate the titer of mucosal IgA, detection of PEDV-
specific IgA in feces was performed in these animals. Overall,
the mean S/P ratio of fecal IgA in IM PEDV S-LTB group,
ranging from 0.031 ± 0.019 to 0.080 ± 0.051, was much lower
than those of plasma IgG and had no significant difference from
the control group, ranging from 0.038 ± 0.031 to 0.062 ± 0.040.

To evaluate the neutralizing activity of the elevated plasma
antibodies in the IM PEDV S-LTB group, plasma samples
taken before the immunization (5-week-old piglets) and
2 weeks after the second booster (11-week-old piglets) were
used. As compared to the control group, piglets in the IM
PEDV S-LTB group showed 20- to 50-fold higher plasma
neutralizing antibody titer (Fig. 5).

Evaluation of the efficacy of immunization
against the challenge of virulent PEDV-PT strain
passage 5

Clinical manifestations in the IM PEDV S-LTB and control
groups

During the animal immunization period, none of the piglets had
PEDV-associated diarrhea and other clinical signs. The clinical
score of fecal consistency after the viral challenge for each day
in each group is presented in Table 1. In the control group, all
the piglets (3/3) started to show pasty to semi-fluid feces from
2 days post-challenge (DPC) and persisted clinical symptoms
throughout the study. In the IM PEDV S-LTB group, only one
piglet (A3) started showing pasty feces at 2 DPC. Another two
piglets showed normal feces at 2 DPC. However, all piglets
exhibited typical clinical signs (scores 2 and 3) at 3 DPC and
persisted clinical symptoms throughout the study.

Fecal viral shedding in the IM PEDV S-LTB and control groups

The mean values of fecal viral shedding in each group after the
oral challenge with the virulent PEDV-PT strain passage 5 is
illustrated in Fig. 6. In the control group, piglets started shed-
ding virus in feces from 1 DPC, reached the plateau at 2 DPC,
and persisted the fecal viral shedding for at least 3 days (mean
values ranging from 6.94 to 7.62 log10 GE). Compared to the
control group, piglets in the IM PEDV S-LTB group showed a
delay of 1 day in fecal viral shedding, which started from 2
DPC and persisted till the end of the study, with relatively
lower fecal viral load. The mean value of the fecal PEDV viral
load was 4.34 log10 GE at 2 DPCwhich reached the plateau of
6.11 to 6.44 log10GE during 3–5DPC. Additionally, piglet A1

Fig. 2 Western blot analysis of the expression of the ectodomain S
protein of PEDV-PT strain and effect of enzymatic deglycosylation. The
recombinant S protein was treated with peptide N-glycosidase F (PNGase
F; lane PNGase F) or left untreated (lane S). Proteins were separated by
SDS-PAGE, transferred to PVDF membranes, and incubated with the
anti-V5 antibody (1:5000 dilution) as primary antibody and horseradish
peroxidase conjugated goat anti-mouse IgG (1:10,000 dilution) as sec-
ondary antibody. Lane M, protein ladder
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hadmuch lower fecal viral shedding, ranging from 2.81 to 4.42
log10 GE, than those of the other two piglets (data not shown).

Discussion

In the present study, a recombinant S glycoprotein, with
temperature-dependent trimeric structure and mammalian

posttranslational modifications to mimic immunogenicity, bi-
ological activity, and protein folding of S protein of the PEDV
virion, was successfully generated by adding T4 bacterio-
phage foldon sequence of fibritin trimerization domain at C-
terminal of the PEDV-PT S ectodomain. The recombinant S
protein also exhibited immunoreactivity with PEDV hyperim-
mune serum, suggestive of the similarity of the S structure to
the natural virus. Using the trimeric S protein combined with

Fig. 3 Illustration of the structure and bioactivity of the recombinant
PEDV S protein. a The oligomeric status of the S protein under
different levels of reductive treatments was detected by the anti-V5 anti-
body (1:5000 dilution). Samples in lanes 65 and 95 were respectively
heated at 65 for 10 min and 95 °C for 5 min without reducing buffer,

and samples in lane 95R were boiled at 95 °C for 5 min with reducing
buffer. b The result from the same membrane as used in awhen it was re-
stained with hyperimmune serum (1: 1000 dilution) from a PEDV-
infected pig. c The native form of recombinant trimeric protein in native
PAGE gel. M, protein ladder; S, recombinant PEDV spike protein

Fig. 4 The changes in PEDV S-specific plasma IgG and fecal IgA titers.
Five-week-old conventional piglets were intramuscularly immunized
with PBS (control group) or 50 μg of recombinant spike protein mixed
with 10 μg of B subunit of Escherichia coli heat-labile enterotoxin (LTB)

(IM PEDV S-LTB group) three times with 2-week intervals. The result of
the IgG titers was presented as sample/positive (S/P) ratio ± standard error
of mean. *Significant difference with the control group (p < 0.05)
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LTB immunization strategy, the trimeric PEDV S-LTB immu-
nized group generated systemic PEDV S-specific IgG and
neutralizing antibody in blood but a low level of fecal
PEDV-specific IgA and limited protection against challenge
of PEDV-PT strain. Our results suggest that the recombinant
PEDV trimeric S glycoprotein could be a potential subunit
vaccine candidate against PEDV, but IM immunization of
the trimeric S glycoprotein with LTB as the adjuvant provided
insufficient protection. The development of a vaccine regimen
for inducing mucosal immunity is an important task for gen-
erating a successful subunit vaccine against PEDVs.

Intramuscular administration is the most predominant vac-
cine delivery method in pig farms. Recently, there have been
several studies focusing on generation of different regions of S
proteins, such as the COE domain, N-terminal domain (NTD),
S1 domain, or the full-length monomeric S protein, via vari-
able expression systems, such as E. coli, yeast, or HEK cells
(Ge et al. 2012;Makadiya et al. 2016; Oh et al. 2014; Piao et al.
2016). By IM administration, these S proteins in combination
with commercial adjuvants were not able to completely protect
pigs against the challenge with virulent PEDV strains in
different-aged pig models (Makadiya et al. 2016; Oh et al.
2014). Generation of protective immunity at intestinal mucosal
surface is important to assist the host defense against PEDV.

To modify the strategy for PEDV subunit vaccine develop-
ment, IM vaccination using trimeric S glycoprotein to mimic
natural conformational structure of PEDV S glycoprotein for
eliciting conformational neutralizing antibodies, along with
the previous reported mucosal immune adjuvant, LTB, for
inducing both humoral andmucosal immunity, was performed
and evaluated in 5-week-old conventional piglets in the pres-
ent study. LTB has been widely used as a potent mucosal
adjuvant by oral, intranasal, or IM immunization routes to
induce systemic and mucosal immunities in mice and pigs
(Haan et al. 2001; Marchioro et al. 2014; Weltzin et al.
2000). Unfortunately, despite the high titers of plasma IgG
and neutralizing antibody, the trimeric S glycoprotein com-
bined with LTB was unable to elicit sufficient viral specific
fecal IgA and protection against PEDV in piglets. For most
viruses, specific IgA antibodies are generally accepted playing
a key role in clearing the virus from mucosal sites during
primary and secondary infections (Macpherson et al. 2001).
IgA antibody in mucosal secretions has also been shown to

Fig. 5 The changes in plasma neutralizing antibody titers against PEDV-
PT. Five-week-old conventional piglets were intramuscularly immunized
with PBS (control group) or 50 μg of recombinant spike protein mixed
with 10 μg of B subunit of Escherichia coli heat-labile enterotoxin (LTB)
(IM PEDV S-LTB group) three times with 2-week intervals. The plasma

neutralizing antibodies of the control and IM PEDV S-LTB groups in
piglets at 5 and 9 weeks old are presented as mean values ± standard error
of mean (SEM). The black and dash lines indicate the results of IM PEDV
S-LTB and control groups, respectively

Table 1 Clinical scoring of fecal consistency after challenge

DPC 0 1 2 3 4 5

Treatments

IM PEDV S-LTB group

A1 0 0 0 2 2 2

A2 0 0 0 3 3 3

A3 0 0 1 3 3 2

Control group

B1 0 0 2 3 3 3

B2 0 0 1 2 2 3

B3 0 0 2 3 3 3

Pigs in each group were orally inoculated with 5 × 105 TCID50 of the
virulent PEDV-PTstrain passage 5. The scores were recorded daily based
on the fecal consistency as 0: normal, 1: pasty diarrhea, 2: semi-fluid
diarrhea and 3: watery diarrhea

DPC days postchallenge; IM PEDV S-LTB group pigs intramuscularly
inoculated with three doses of recombinant S protein with LTB every
2 weeks
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protect against viral challenge in a dose-dependent manner in
experimental animals (Johnson et al. 1986; Michalek et al.
1978). The low titer of fecal PEDV S-specific IgA detected
in the IM PEDV-LTB group in the present study proposed a
possibility, as supported by earlier studies mentioned above
that IgA antibody if not the only, is the major factor responsi-
ble for the failure of the regimen of trimeric S ectodomain
protein combined with LTB against PEDV in piglets. In order
to effectively stimulate mucosal immunity against the disease,
new regimens of potent mucosal adjuvants should be investi-
gated in further studies.

In this study, 5-week-old postweaning piglets were used to
evaluate the efficacy of the primitive vaccine regimen of the
trimeric S ectodomain protein in combination with LTB. In the
field, PEDV majorly causes severe enteric disease and high
mortality rate in neonatal piglets. Therefore, vaccine strategies
should focus on passive lactogenic immunity which could im-
mediately provide protection to neonatal piglets (Langel et al.
2016). In sows, the colostrum is composed of large amount of
IgG, which transudates from sow serum, transports across
neonatal enterocytes and enters the neonatal bloodstream to
provide systemic protection; the milk after the first 48 h be-
comes IgA-predominant, which is secreted by plasmablasts,
traffics to mammary glands, and persists in the lumen of neo-
natal intestine to provide local protection (Klobasa et al. 1987;
Langel et al. 2016). Therefore, to develop a subunit vaccine
which could elicit both systemic IgG and local IgA in sow is
important. In the present study, robust systemic IgG has been
successfully induced in trimeric PEDV S protein immunized
pigs. Further studies need to be done to evaluate if the systemic
IgG could be secreted in colostrum for early protection of
neonatal piglets against PEDV.

A full-length ectodomain trimeric S glycoprotein protein
exhibiting folding and post-translational modifications similar

to the native PEDV S protein, has been generated. The protein
exhibiting mammalian glycosylation could be used for further
structural, immunological, and biological analyses to provide a
rational basis for understanding the accessibility to neutralizing
antibodies and may pave the way for guiding future design of
immunogens. The immunity generated through the IM vacci-
nation strategy was systemic and robust but insufficient to
protect from the disease. Our study demonstrates that systemic
PEDV-specific IgG or neutralizing antibody could not be used
as an indicator to evaluate the efficacy of the PEDV subunit
vaccines. Development of a vaccine regimen for inducing both
systemic and mucosal immunity will be an important task for
generating a successful PEDV subunit vaccine.
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