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viruses were identified within neutralizing epitopes, which 
might have contributed to the divergent clinical results. Our 
data suggest that rSPV-St is potentially an effective vaccine 
against infection with emerging PEDV strains.

Introduction

Porcine epidemic diarrhea virus (PEDV) causes vomiting, 
diarrhea, and dehydration, and the mortality rate in new-
born pigs can be up to 100% [1, 2]. The virus is highly con-
tagious and affects pigs of all ages and breeds. PEDV has 
been reported in many countries since it was first identified 
in Britain and Belgium [3]. In China, PEDV is more preva-
lent than porcine rotavirus and transmissible gastroenteritis 
virus, which also cause viral diarrhea in pigs [4]. The most 
common practice for preventing PEDV infection is trans-
fer of passive immunity from sows to nursing piglets [5]. 
Pregnant sows are vaccinated with inactivated or attenu-
ated vaccines and antibodies are passively transferred in the 
colostrum [5]. This transfer of PEDV immunity is affected 
by the length of time when the piglets are suckling and the 
antibody titer in the sow colostrum [5]. Inactivated vac-
cines are relatively expensive and are inefficient at induc-
ing a mucosal immune response. Given the prevalence of 
PEDV infection, novel preventive measures are urgently 
needed [6–9].

PEDV is a member of the genus Alphacoronavirus, fam-
ily Coronaviridae, order Nidovirales [10]. It is a pleomor-
phic enveloped virus containing a positive-stranded RNA 
genome, which is approximately 28 kb in length and has 
a 5′ cap and a 3′ polyadenylated tail. The virus contains 
four structural proteins: spike (S), integral membrane (M), 
envelope (E), and nucleocapsid (N) [11]. The S protein, a 
type I membrane glycoprotein, is required for virus entry 
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into host cells and binding to the viral receptor porcine 
amino peptidase. There are two domains in the S protein, 
S1 (amino acids [aa] 1-735) and S2 (from 736 to the last 
aa). Previous work has shown that neutralizing epitopes are 
mainly located in S1 [11–14]. The antigenic variation in the 
S protein, especially in the S1 domain, makes prevention of 
PEDV infection more difficult [15–17]. However, based on 
the surface expression and the function of the S protein, S1 
is an attractive target for genetically engineering a PEDV 
vaccine [18].

Poxvirus has been used as a platform for vaccine devel-
opment in humans and animals [19–21]. Swinepox virus 
(SPV) is a naturally mild virus that can potentially function 
as a vaccination vehicle for the following reasons: a) SPV 
would not be interfered with by maternal antibodies and b) 
SPV is host-specific and not transmissible to other species 
[22]. SPV can express foreign genes effectively and can be 
modified to include large amounts of recombinant DNA. 
Moreover, it has low delivery costs and can be a useful 
platform for live vaccines [23]. Those advantages of SPV 
suggest that it could be a viable platform for developing a 
safe live vaccine for PEDV [24, 25].

The aim of this study was to construct a recombinant 
SPV vaccine expressing a truncated S protein of PEDV, 
with a focus on its protective efficacy in pigs.

Materials and methods

Cells and viruses

Vero cells (ATCC:E6) and porcine kidney cells (PK-15, 
ATCC:CCL-33) were purchased from the American Type 
Culture Collection. Wild-type (wt) SPV NT1501, which 
has a titer of 1 × 108 plaque-forming units (PFU)/mL as 
determined in PK-15 cells, was isolated in our laboratory. 
Two strains of PEDV, the classical CV777 strain, and the 
novel SQ2014 strain (GenBank: KP728470.1), were also 
isolated and characterized in our laboratory; the titers of 
both isolates were determined by plaque assay in Vero 
cells.

Construction of SPV expressing a truncated S protein 
(St)

A portion of the S gene of PEDV SQ2014 encoding aa 386-
815 of the N-terminus of the S protein, was inserted into the 
pUSG11 vector [26]. Briefly, the PEDV St gene (1257 bp, 
KP728470) was amplified from the virus genome using the 
following two primers: St1  (5’-GCGTCGACATGGTTT-
TACCTCCTACCGTCA-3’) and St2  (5’-CGGGATCCT-
TACGCACAATCAACACTAACA-3’). The resulting PCR 

product was inserted into the pUSG11 plasmid to construct 
pUSG11-St (Fig. 1a).

The method used to generate the recombinant SPV 
expressing St (rSPV-St) and green fluorescent protein 
(GFP) has been described previously [26, 27]. Briefly, a 
sub-confluent culture of PK-15 cells was infected with 
wtSPV at a multiplicity of infection (MOI) of 0.02 for 
2 h before the cells were transfected with 10 µg of the 
pUSG11-St plasmid using the Exfect™ Transfection Rea-
gent (Vazyme Biotech Co., Ltd). The cells were harvested 
at 72 h and lysed by five rounds of freezing and thawing. 
The lysate was then used to infect PK-15 cells in a 12-well 
plate for plaque purification of the recombinant virus by 
fluorescence microscopy (Zeiss, Germany). Briefly, 1.5 
mL of medium containing 1% LMP agarose (DingGuo, 
Beijing, China) was added to each well of the 12-well 
plate, and the infected cells were incubated for 5 days 
until plaques became visible under a fluorescence micro-
scope. The plaques were picked and resuspended in 0.3 mL 
of medium containing 2% FBS. Plaque purification was 
repeated for 5-6 rounds until all of the plaques in a given 
well showed green fluorescence. The insertion of the St 
gene and expression of the St protein were confirm by PCR 
and indirect immunofluorescence assay (IFA), respectively.

PCR analysis of rSPV‑St

DNA was isolated from PK-15 cells infected with rSPV-St 
and extracted using the SDS-protease K-phenol method. 
Genomic DNA from PK-15 cells infected with wtSPV was 
used as a negative control. Amplifications were performed 
with DNA polymerase (Vazyme Biotech, Jiangsu, China) 
using the following primers: St1  (5’-GCGTCGACATG-
GTTTTACCTCCTACCGTCA-3’) and St2 (5’-CGGGATC-
CTTACGCACAATCAACACTAACA-3’). The expected 
PCR product was approximately 1257 bp long.

Growth characteristics of rSPV‑St in vitro

To analyze the growth characteristics of rSPV-St virus in 
vitro, PK-15 cells growing in 24-well plates were infected 
with wtSPV and rSPV-St at an MOI of 0.1. Supernatants of 
the infected cells were harvested at 6, 12, 24, 36, 48, 60, 72 
and 84 h postinfection. Viral titers in the supernatant sam-
ples were determined by plaque assay.

Immunofluorescene assay (IFA)

IFA was performed as described previously  [28]. PK-15 
cells were grown in 24-well plates and infected with the 
wtSPV and rSPV-St at 1 × 108 plaque-forming units (PFU) 
in 0.5 mL per well. PBS-treated cells were used as a nega-
tive control. At 72 h postinfection, the cells were washed 
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Fig. 1   Characterization of 
rSPV-St. (A) A schematic 
diagram for vector construction. 
(B) Schematic representation 
of the four antigenic sites in 
the S protein of PEDV. Shown 
are antigenic sites 1, 2, 3, 4 
(from left to right) of the PEDV 
S protein. (C) Fluorescence 
observed for a) rSPV-St and 
b) wtSPV. (D) Expression 
of St protein in PK-15 cells 
infected with a) rSPV-St or b) 
wtSPV as indicated by IFA. 
(E) Representative image of a 
western blot showing St protein 
expression in cells infected with 
rSPV-St but not wtSPV. β-actin 
was used as an internal control. 
(F) Growth kinetics of rSPV-St 
and wtSPV in PK-15 cells
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three times with PBS + 0.05% Tween-20 (PBST) and fixed 
with cold methanol for 10 min at -20 °C. Cells were then 
washed three times with PBST and blocked with PBST + 
10% bovine serum albumin (BSA), followed by incubation 
for 1 h at 37 °C with antiserum raised against PEDV strain 
SQ2014 (1:1000 in PBST + 1% BSA). After three washes 
with PBST, the cells were incubated with rhodamine-con-
jugated protein A (Boshide, Wuhan, China) for 30 min at 
37 °C. After a final wash with PBS, the cells were exam-
ined wbyith fluorescence microscopy (Zeiss, Germany).

Western blot analysis

PK-15 cell monolayers were infected with wtSPV and 
rSPV-St at an MOI of 5 and incubated for 72 h at 37 °C. 
A lysate of approximately 105 cells was run through a 12% 
SDS-polyacrylamide gel and then transferred onto a PVDF 
membrane. The membrane was blocked with 5% skimmed 
milk in PBST overnight at 4 °C incubated with swine con-
valescent serum containing antibodies against PEDV strain 
SQ2014 (1:1000 dilution) for 2 h at 37  °C, and washed 
three times with PBST. The membrane was washed and 
then incubated with horseradish peroxidase (HRP)-conju-
gated anti-swine antibody. After washing with PBST, the 
protein bands were developed in ECL Western blotting sub-
strate (Bio-Rad, USA) and imaged using an Alpha Inno-
tech Fluor Chem FC2 imager (R&D Systems, Minneapolis, 
MN).

Animal experiments

All experimental protocols involving pigs were approved 
by the Laboratory Animal Monitoring Committee of 
Jiangsu Province, and all experimental animals were 
negative for SPV and PEDV antibodies by ELISA. Fif-
teen one-month-old pigs (Large White) were randomly 
divided into five groups (3 per group) and were immu-
nized twice on days 0 and 21 with (1) rSPV-St (1 × 108 
PFU in 2 ml of PBS, protein concentration 4.9 mg/mL), 
(2) inactivated PEDV strain SQ2014 (1 × 106 PFU in 2 
mL of PBS, protein concentration 4.4 mg/mL), (3) inac-
tivated PEDV strain CV777 (1 × 106 PFU in 2 mL of 
PBS, protein concentration 4.7 mg/mL), (4) wtSPV (1 × 
108 PFU in 2 mL of PBS, protein concentration 4.6 mg/
mL), (5) PBS alone (negative control). The protein con-
centration was determined using a NanoDrop 2000 spec-
trophotometer. The live vaccine and the negative control 
were administered subcutaneously and orally (1:1 vol-
ume ratio), while the inactivated vaccines were mixed 
with the Freund’s incomplete adjuvant and administered 
intramuscularly. Sera were collected from the animals 
on days 0, 7, 14, 21, 28, 35, and 42 post-primary immu-
nization for antibody titration or passive transfer study. 

To test the protection efficacy of the rSPV-St vaccine, 
sera collected from each group at day 42 post-immuni-
zation were pooled and used to feed one-day-old pig-
lets. Briefly, 50 one-day-old piglets, verified as PEDV 
negative, were randomly divided into five groups (10 per 
group) and were fed with sera from each of the vacci-
nation and control groups. The sera were added to milk 
at a ratio of 5 ml of serum per liter of milk. Each piglet 
was fed with 50 ml of the serum-milk mixture five times 
per day [29, 30]. On the second day of serum feeding, 
five piglets randomly selected from each group were 
infected with PEDV SQ2014 (1 × 106 PFU in 1 mL of 
PBS, orally via a gastric tube), while the remaining five 
piglets in each group were infected with PEDV CV777 
(1 × 106 PFU in 1 mL of PBS, orally via a gastric tube). 
Animals were monitored for 10 days for clinical signs. 
Small-intestine tissue samples were collected from ani-
mals that died from virus challenge for histology. On day 
10 post-challenge, the surviving animals were euthanized 
by intramuscular injection of a combination of ketamine 
(20 mg/kg) and xylazine (2 mg/kg), followed by intra-
venous injection of a pentobarbital sodium overdose (60 
mg/kg), and the intestinal tissues were sampled. The col-
lected small intestine samples were processed for histo-
logical analysis.

Fecal samples were collected from pigs daily. The feces 
were used homogenized in PBS (10% w/v), frozen and 
thawed three times, vortexed, and centrifuged at 6000 rpm 
for 15 min at 4 °C. The supernatant was removed and cen-
trifuged again at 12,000 rpm for 15 min at 4 °C. The final 
supernatant samples were used for virus titration. PEDV 
infection was confirmed by a PEDV-M-gene-based reverse 
transcription polymerase chain reaction (RT-PCR) [31, 32].

Antibody titer measurement

Antibody titers in sera from immunized pigs were meas-
ured by ELISA. Briefly, purified PEDV SQ2014 was added 
to the plates and incubated overnight at 4 °C, and the plates 
were washed three times with PBST and blocked with 5% 
skim milk in PBST at 37 °C for 2 h. Serum samples were 
serially diluted and incubated at 37  °C for 1 h. After the 
incubation, the plates were washed three times with PBST, 
and HRP-conjugated goat anti-SPA IgG or goat anti-por-
cine IgA diluted in PBST was then added to each well. The 
plates were incubated at room temperature in the dark for 
30 min and then washed three times with PBST. The TMB 
microwell peroxidase substrate system (TIANGEN) was 
added for color development. After incubation for 20 min, 
the reaction was stopped with 2 M sulfuric acid. The assays 
were run in duplicate wells. A microplate reader (Bio-Rad) 
was used to measure the absorbance at 450 nm [33].
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Cytokine assay

The assay was carried out as described previously [34]. 
The cellular immune response was assessed indirectly by 
measuring the levels of IFN-γand IL-4 in peripheral blood 
lymphocytes. The blood was collected at day 30 after the 
primary immunization with wtSPV, rSPV-St, inactivated-
CV777, inactivated-SQ2014 or PBS. Blood lymphocytes 
were isolated, counted, and diluted to a density of 2 × 107 
cells/100 μl. The cells were aliquoted into 96-well plates 
(100 μl/well), and 100 μl of DMEM containing 200 TCID50 
of PEDV SQ2014 was added to each well. After incubation 
for 60 h, the supernatants were tested using an ELISA kit 
(ExCell Bio, China) according to the manufacturer’s instruc-
tions. Standard curves were generated using control IFN- 
and IL-4 that were serially diluted in PBS and coated onto 
ELISA plates overnight at 37 °C. The levels of serum IFN-γ 
and IL-4 were calculated according to standard curves.

Microneutralization assay

The microneutralization assay was performed as described 
previously [24, 25]. Sera were collected at 0, 7, 21, 35, 
and 42 days after primary immunization from pigs immu-
nized with inactivated SQ2014, inactivated CV777, wtSPV, 
rSPV-St, or PBS. One hundred µl of twofold serially diluted 
serum samples was mixed with an equal volume of 70 PFU 
of PEDV SQ2014 at 37  °C. After a 1.5-h incubation, the 
antibody-virus mixtures were used to infect Vero cells in 
96-well plates, and the cells were overlaid with agar. The 
cells were incubated for three days at 37 °C in a 5% CO2 
atmosphere. The microneutralization titer was expressed as 
the reciprocal of the highest serum dilution that inhibited 
the cytopathic effect (CPE).

Statistical analysis

All data were analyzed using one-way ANOVA. The 
threshold for significance was established at P < 0.05.

Results

Engineering of rSPV‑St

To engineer an effective live PDEV vaccine, we used SPV 
as the vector to express the St of the novel PEDV strain 
SQ2014. The resultant vaccine was referred as rSPV-St. 
The insertion of the St gene was confirmed by PCR, which 
amplified a 1257-bp fragment of the S gene (Fig. 1B). The 
infectious titers of rSPV-St and wtSPV were both approxi-
mately 1 × 108 PFU/mL. PK-15 cells infected with rSPV-St 
showed green fluorescence when observed by fluorescence 

microscopy, as shown in Fig.  1C, and the expression of 
the St protein was confirmed by IFA (Fig.  1D). In addi-
tion, when probed with convalescent serum from a PEDV-
infected pig, a 46-kDa band, consistent with the predicted 
size of the St protein, was detected by western blot in cells 
infected with rSPV-St, but not wtSPV (Fig.  1E). Taken 
together, these observations indicated that the St protein 
was efficiently expressed by rSPV-St. In addition, rSPV-
St exhibited growth characteristic similar to that of wtSPV 
(Fig. 1F).

Safety of rSPV‑St in pigs

The safety of the rSPV-St vaccine was assessed in 30-day-
old pigs for up to 2 weeks post-immunization. Five days 
post-immunization, pigs that received wtSPV and rSPV-St 
had pox marks approximately 0.2 cm in diameter around 
the sites of injection. By 10 days post-immunization, the 
pox marks were substantially reduced, and all of the pigs 
recovered after 2 weeks. There were no indications of 
abnormal body temperature or appetite in any of the vacci-
nated animals. These results demonstrated that both rSPV-
St and wtSPV were well tolerated in pigs.

Humoral and cellular immune response to rSPV‑St 
in pigs

The humoral immune response to vaccination with rSPV-
St was assessed by indirect ELISA. Pigs received two 
vaccinations, on days 0 and 21, and an antibody response 
was detected as early as day 14. The S-specific immune 
response increased gradually over time in animals immu-
nized with rSPV-St (Fig. 2A). The IgG titers in animals vac-
cinated with rSPV-St were significantly higher than those 
that received wtSPV or PBS but were lower than those in 
the inactivated SQ2014- and CV777- vaccinated groups (P 
< 0.01; n = 5). The IgA titers in the rSPV-St group were 
significantly higher than in animals that received inacti-
vated vaccines or the PBS control (Fig.  2B). In addition, 
neutralizing antibodies were detected in the rSPV-St group 
with a mean titer of 24 at 42 days post-vaccination. The 
neutralizing antibody titers of rSPV-St group were lower 
than those in the inactivated SQ2014 group but were higher 
than those in the group vaccinated with inactivated-CV777 
(Fig. 3B; P < 0.05; 5 animals per time point).

We examined the cellular immune response in pigs vac-
cinated with inactivated SQ2014, inactivated CV777, rSPV-
St, wtSPV and PBS on day 30 post-immunization (Fig. 3A). 
The concentrations of IL-4 and IFN-γ in rSPV-St-vaccinated 
pigs were the highest among the five experimental groups, 
while the inactivated vaccines resulted in higher IL-4 and 
IFN-γ concentrations than did wtSPV and PBS.
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Efficacy of passive immunity from rSPV‑St vaccination

One of the most common practices for protecting pig-
lets from PEDV infection is passive transfer of mater-
nal antibodies from vaccinated sows. To examine the 

protective efficacy of antibodies induced by the rSPV-St 
vaccine, piglets were fed sera from animals vaccinated 
with rSPV-St, inactivated SQ2014, inactivated CV777, 
wtSPV, or PBS. On the following day, animals were 
challenged with either SQ2014 or CV777. The piglets 

Fig. 2   Humoral immune response to rSPV-St in pigs. (A) IgG antibodies (OD values) against PEDV were detected by indirect ELISA. (B) IgA 
antibodies (OD values) were detected by indirect ELISA. Data are shown as the mean ± S.D

Fig. 3   Cellular immune response and neutralizing antibody titers 
induced by rSPV-St. Pigs (1 month old) were immunized with rSPV-
St, and the cellular immune response and neutralizing antibody titers 
were measured. (A) The IL-4 and IFN-γ levels post-vaccination. (B) 

The neutralizing antibody titers were determined using twofold serial 
dilutions. The titers of neutralizing antibodies were expressed as the 
reciprocal of the highest serum dilution that prevented CPE. Data are 
shown as the mean ± S.D

Fig. 4   Efficacy of passively transferred PEDV immunity in piglets. Piglets were fed immune sera from pigs vaccinated with inactivated 
SQ2014, inactivated CV777, rSPV-Sa, wtSPV or PBS. Survival was followed for 12 days after challenge with either (A) SQ2014 or (B) CV777
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fed sera from pigs vaccinated with rSPV-St and inacti-
vated vaccines (inactivated SQ2014, inactivated CV777) 
were fully protected against the homologous virus chal-
lenge, while all animals succumbed to the challenge with 
the heterologous virus (Fig. 4A and B, Tables 1 and 2). 
As expected, animals fed sera from pigs vaccinated with 
wtSPV or PBS exhibited clinical signs including diar-
rhea, loss of appetite, reduced weight gain, and increased 
mental instability, and all animals died between 8 and 10 
days post-challenge. Histological examination revealed 
no lesions in the intestinal tissues from piglets in the 
homologous challenge groups. However, evident his-
tological changes were observed in tissues from ani-
mals that died from the heterologous virus challenge, 
as well as those that received sera from wtSPV or PBS 
vaccination but died from either virus challenge. These 
changes included degeneration and necrosis of intestinal 
microvilli and infiltration of inflammatory cells (Fig. 5, 
Table 3). Taken together, these results show that the sera 
from the rSPV-St and inactivated-SQ2014-immunized 
animals provided complete protection against infection 
with the PEDV SQ2014 strain upon passive transfer.

Sequence differences in the S proteins of SQ2014 
and CV777

The amino acid sequences in the S proteins of the two 
viruses were compared. Sequence alignment indicated that 
the amino acid sequence identity between the two strains 
was 96%. However, the S protein of SQ2014 had an amino 
acid deletion at position 152 from the N-terminus, within a 
neutralizing epitope [11–14], and there were three consecu-
tive amino acid differences at positions 151-153 [11–14]. 
There were also seven amino acid mutations in three previ-
ously predicted antigenic domains, 499-638, 748-755 and 
764-771 (Fig.  6). The difference between the sequences 
of neutralizing epitope(s) may have contributed to the 
observed differences in the clinical response to vaccination 
with rSPV-St.

Discussion

We have engineered a live SPV vaccine that expresses the 
truncated S protein (rSPV-St) from the novel PEDV strain 

Fig. 5   Representative images of histological changes in the small 
intestine from piglets fed sera from pigs immunized with (a) rSPV-
St, (b) inactivated SQ2014, (c) wtSPV, or (d) PBS, followed by chal-
lenge with PEDV SQ2014. The samples were obtained 3 days post-

challenge. The intestinal tissue from a normal healthy pig (e) was 
included for comparison. The tissues were stained with hematoxylin 
and eosin (HE). Magnification, 100×
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SQ2014. The vaccine induced a robust immune response 
to the S antigen of PEDV in pigs and provided full protec-
tion against homologous challenge with wt SQ2014. Our 
results suggest that rSPV-St is a promising live vaccine 
candidate against PEDV. It has been reported that some 
epitopes are conserved among various PEDV strains [35–
37]. However, it is unclear whether these different strains 
of PEDV can induce a cross-immune response in pigs. 
Most commercial PED vaccines in China are inactivated 
vaccines, the protective efficacy of which is weakened due 
to the different virus genotypes used for vaccine genera-
tion [37]. Furthermore, inactivated vaccines do not induce 
an efficient mucosal immune response, and this is a poten-
tial reason why there are many reports about the lack of 
efficacy of commercial PEDV vaccines from 2010.

The S protein is a key component of coronaviruses and 
contains neutralizing epitopes, but it is genetically vari-
able, which increases the difficulty of generating a vac-
cine against PEDV. Our results indicated that vaccination 
with inactivated SQ2014 and inactivated CV777 resulted in 
effective protection against a homologous virus challenge, 
but not a heterologous virus challenge. rSPV-St, express-
ing the truncated S protein from the SQ2014 strain, did not 
provide any protection against the classical CV777 strain, 
indicating a lack of cross-protection. These results may 

also provide insight into why commercial vaccines devel-
oped from classical PEDV strains such as CV777 are no 
longer effective in China due to the emergence of novel 
PEDV strains.

Although SPV caused mild lesions in our study, the 
reaction around the injection site subsided quickly without 
leaving a scar in the skin. The pig immune reactions in our 
experiments were interesting. Immunization with rSPV-
St resulted in the highest IgA antibody titer and cytokine 
response among the five experimental groups, but the IgG 
titers were lower than those elicited by inactivated SQ2014. 
However, rSPV-St vaccine provided efficient protection in 
newborn pigs that was as effective as that provided by the 
inactivated SQ2014 vaccine. These findings indicated that 
the neutralizing antibody titer is not the only criterion for 
whether a vaccine is effective; the IgA antibody titer and 
cytokines also contribution to protection. These results 
show that the efficacy of a vaccine cannot be evaluated by 
only measuring the neutralizing antibody titer in vitro.

In recent years, poxvirus vector vaccine research has 
attracted widespread attention. Vaccinia, fowlpox and 
canarypox viruses have numerous potential applications. 
A FPV vector has been used in a commercial poultry vac-
cine against avian influenza virus [23]. The use of poxvirus 
as a vaccine delivery vector has been extensively explored 
in mammalian and avian species [38, 39]. SPV has also 
aroused the interest of researchers. Our data suggest that 
the SPV live vaccine could induce a more sustainable 
humoral immune response than the inactive vaccine. Fur-
thermore, the live SPV-based vaccines induced a stronger 
mucosal immune response, while the inactivated vaccines 
failed to induce a strong mucosal immune response and 
elicited lower IgA antibody titers.

Compared to the traditional attenuated or inactivated 
vaccines, the novel SPV vector vaccine has an advantage 
in terms of the route of immunization. This novel SPV 
vector vaccine can trigger the immune response simply 
by oral administration or subcutaneous piercing with-
out any immunoadjuvant. It not only saves effort during 
vaccination but also results in less stress to the animals. 
Thus, this novel SPV vaccine shows a promising future 
for application in the swine industry.

Given that SPV is in itself a pathogen that elicits an 
immune response, endemic SPV infection may represents 
a concern for vaccination using a recombinant SPV. To 
address this problem, we collected 2000 random serum 
samples from reserve and feeder pigs to determine the 
rate of SPV positivity by agarose gel diffusion assay (data 
not shown). The SPV positive rate was approximately 
1%, and there have been no reports of an SPV outbreak in 
recent years. Therefore, endemic SPV is unlikely to inter-
fere with vaccination programs using an rSPV vector.

Table 3   Evaluation of intestinal lesions in pigs from different treat-
ment groups

* Indicates significantly (P < 0.05) higher lesion scores of the wtSPV- 
and PBS-treated groups compared to groups immunized with rSPV-St 
and inactivated-SQ2014 vaccines
a   The gross score was obtained by summing I and III according to 
the following description and lesion scores from 0 (normal) to 10 
(severe lesion). Shown are mean ± S.D

I. Watery stool in small intestine: 0 (none) to 4 (severe diarrhea)

II. Small intestine bleeding: 0 (no bleeding) to 3 (severe bleeding)

III. Small intestine flatulence: 0 (no flatulence) to 3 (severe flatulence)
b   The microscopic score was obtained by summing I to IV according 
to the following description and lesion scores from 0 (normal) to 10 
(severe lesion). Shown are mean ± S.D

I. Infiltrations of inflammatory cells: 0, none; 1 (mild); 2 (moderate); 
3 (severe)

II. Small intestine villi degeneration and necrosis: 0 (no lesion); 1 
(mild); 2 (moderate); 3 (severe)

III. Inflammatory infiltration involvement of different layers of intes-
tine: 0 (none) to 4 (severe)

Group n Gross scorea Microscopic scoreb

rSPV-St 5 0.00 ± 0.00 0.00 ± 0.00

Inactivated-SQ2014 5 0.00 ± 0.00 0.00 ± 0.00

wtSPV 5 6.55 ± 0.35* 7.05 ± 0.55*

PBS 5 5.95 ± 0.45* 7.85 ± 0.65*

Blank control group 5 0.00 ± 0.00 0.00 ± 0.00
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In summary, we describe the immunogenicity and pro-
tective efficacy of a recombinant SPV-based PEDV vac-
cine expressing a truncated S protein. The results indi-
cate that both inactivated SQ2014 and rSPV-St vaccine 
induced complete protection in a passive-transfer piglet 
model upon homologues virus challenge but failed to pro-
tect against heterologous virus challenge. It is expected 
that a PEDV multivalent vaccine constructed using SPV 
will be able to prevent both homologous and heterolo-
gous viral infections.
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