
Contents lists available at ScienceDirect

Veterinary Microbiology

journal homepage: www.elsevier.com/locate/vetmic

Short communication

Evaluation and comparison of immunogenicity and cross-protective efficacy
of two inactivated cell culture-derived GIIa- and GIIb-genotype porcine
epidemic diarrhea virus vaccines in suckling piglets

Xinsheng Liua,b,⁎,1, Liping Zhanga,b,1, Qiaoling Zhanga,b, Peng Zhoua,b, Yuzhen Fanga,b,
Donghong Zhaoa,b, Jiaxin Fenga,b, Weiyan Lia,b, Yongguang Zhanga,b,⁎, Yonglu Wanga,b,⁎

a State Key Laboratory of Veterinary Etiological Biology, Key Laboratory of Animal Virology of Ministry of Agriculture, Lanzhou Veterinary Research Institute, Chinese
Academy of Agricultural Sciences, Lanzhou, 730046, China
b Jiangsu Co-innovation Center for Prevention and Control of Important Animal Infectious Diseases and Zoonoses, Yangzhou, 225009, China

A R T I C L E I N F O

Keywords:
Porcine epidemic diarrhea virus
Immunogenicity
Protective efficacy
Inactivated vaccine
Suckling piglets

A B S T R A C T

Although highly virulent GII-genotype PEDV strains have become pandemic in the swine population worldwide,
little is known about the differences in immunogenicity and cross-protective efficacy between the GIIa and GIIb
subgenotypes. Hence, in the present study, we vaccinated suckling piglets with GIIa (CH/HBXT/2018) and GIIb
(CH/HNPJ/2017) PEDV strain-based inactivated vaccine candidates and compared their immunogenicity and
cross-protective efficacy. The results showed that both vaccine candidates induced high levels of PEDV-specific
IgG antibodies and IFN-γ and reduced the levels of neutralizing antibodies at 21 dpv in suckling piglets. The GIIa-
based inactivated vaccine protected all piglets (8/8) against virulent homologous and heterologous virus chal-
lenge, while the GIIb strain-based inactivated vaccine protected only 2/4 and 1/4 piglets against virulent
homologous and heterologous virus challenge, respectively. Furthermore, antibodies against the GIIa and GIIb
strains cross-reacted and cross-neutralized both strains in vitro. Taken together, the data presented in this study
indicate that GIIa strain-based inactivated vaccine candidates are more promising than GIIb-based candidates for
the development of an effective vaccine against the current highly virulent pandemic PEDV strains.

1. Introduction

Porcine epidemic diarrhea (PED), which is caused by porcine epi-
demic diarrhea virus (PEDV), is a highly contagious disease that leads
to high mortality (up to 100%) in suckling piglets (Song and Park,
2012). PEDV was first discovered in the United Kingdom in 1971 and
was later found in many European countries (Chasey and Cartwright,
1978; Jarvis et al., 2016). In October 2010, a widespread outbreak of
PED caused by highly virulent PEDV variants distinct from the classic
strain, CV777, occurred in China (Sun et al., 2012). Then, highly
virulent and S-INDEL PEDV strains were subsequently reported in the
United States beginning in April 2013 (Oka et al., 2014; Wang et al.,
2014). To date, PEDV has been reported in many North American,
Asian and European countries (Park et al., 2014; Crawford et al., 2016;

Jarvis et al., 2016).
Phylogenetic studies have suggested that PEDV can be genetically

separated into two genotypes: GⅠ (classic) and GII (field epidemic).
Each genotype can be further divided into the subgenotypes GⅠa and
GⅠb and GIIa and GIIb, respectively (Lee, 2015). At present, the most
prevalent PEDV strains worldwide, especially in China, are GII strains
rather than GI strains (Lin et al., 2016; Wang et al., 2016). Differences
in pathogenicity and cross-protection between GⅠ and GII (Chen et al.,
2016; Opriessnig et al., 2017; Sato et al., 2018) and between GⅠa and
GⅠb (Song et al., 2007) have been reported in previous studies, but there
is still no information on the differences between GIIa and GIIb.
Therefore, in this study, we developed two inactivated cell culture-de-
rived PEDV vaccine candidates based on newly isolated GIIa and GII2b
PEDV strains, CH/HBXT/2018 and CH/HNPJ/2017, respectively, and
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evaluated and compared their immunogenicity and protective efficacy
against homologous and heterogeneous PEDV challenge in suckling
piglets.

2. Methods, techniques

2.1. Cells and viruses

African green monkey kidney (Vero) cells (ATCC CCL-81) were
grown in Dulbecco's modified Eagle’s medium (DMEM, Invitrogen,
USA) containing 10% heat-inactivated fetal bovine serum (FBS;
Invitrogen, Australia) and 1% antibiotics (10,000 units/mL penicillin,
10,000 μg/mL streptomycin, and 25 μg/mL Fungizone) (Gibco™, USA)
and cultured at 37 °C with 5% CO2.

A virulent Chinese GIIa PEDV strain isolated in our laboratory, CH/
HBXT/2018 (GenBank accession number: MH816969), was propagated
in Vero cells, as described in our previous study (Liu et al., 2018).
Briefly, culture medium was removed from 100% confluent Vero cell
monolayers in T-75 culture flasks (Corning, USA), and the cells were
washed thrice with sterile phosphate-buffered saline (PBS; pH 7.2,
Gibco™, USA). Then, 3mL of prepared virus stock was inoculated into
the flasks with 20 μg/mL trypsin (Gibco™, USA). After incubation for
1 h at 37 °C with 5% CO2, 5mL of virus growth medium was added, and
cell culture was continued at 37 °C and 5% CO2 with daily observation
for cytopathic effects (CPEs). When more than 90% of the cells showed
CPEs, the supernatant and cells were harvested, frozen and thawed
three times, and stored at−80 °C for the next virus passage. Similarly, a
virulent Chinese GIIb PEDV strain, CH/HNPJ/2017 (GenBank accession
number: MF152604), was also isolated and propagated on Vero cells in
our laboratory (Liu et al., 2018).

2.2. Preparation of the vaccines

The twentieth passages (P20) of the cell culture-adapted GIIa PEDV
strains CH/HBXT/2018 (105·° TCID50/mL) and GIIb CH/HNPJ/2017
(105·2 TCID50/mL) were chemically inactivated using binary ethyle-
neimine (BEI) according to the methods described in a previous study
(Liu et al., 2018). In brief, GIIa PEDV CH/HBXT/2018-P20 and GIIb
CH/HNPJ/2017-P20 were obtained from Vero cells cultured in T-75
flasks (Corning, USA). After three freeze-thaw cycles, the viral super-
natant was collected through centrifugation and then inactivated by
addition of 0.2M BEI to a final concentration of 2mM and incubation at
30 °C for 24 h. After the incubation, the remaining BEI was neutralized
by addition of 20% sodium thiosulfate. The success of inactivation was
verified by the absence of viral growth in Vero cell cultures and upon
inoculation of the piglets. The inactivated vaccines were prepared by
mixing BEI-inactivated GIIa PEDV CH/HBXT/2018-P20 and GIIb CH/
HNPJ/2017-P20 with Freund's complete adjuvant (Sigma, Germany)
according to the directions for use, and the vaccines were stored at 4℃
until inoculation.

2.3. Pig immunization and challenge experiment

Twenty-four PEDV-naïve newborn piglets (3–5 days old) were ob-
tained from a commercial pig farm with no previous herd history of
PED outbreak or PEDV vaccination. Serum IgG antibody levels and viral
shedding in the feces of all piglets were tested with a commercial ELISA
kit (Biovet, Canada) and real-time PCR (Liu et al., 2018), respectively,
before vaccination. All of the piglets were raised in the laboratory an-
imal facility at the Lanzhou Veterinary Research Institute. During the
period of the experiment, all of the piglets were only fed the commer-
cial milk (Yili, China) supplement multiple times per day. The animal
use protocols were reviewed and approved by the Institutional Animal
Use and Care Committee of the Lanzhou Veterinary Research Institute.
All piglets used in the present study were taken good care of during the
experiment and were euthanized at the onset of obvious clinical

symptoms and PEDV RNA fecal shedding identified in the rectal swab
samples.

The twenty-four piglets were randomly divided into three groups: a
GIIa PEDV CH/HBXT/2018-P20 inactivated vaccine group (n=8), a
GIIb CH/HNPJ/2017-P20 inactivated vaccine group (n= 8) and a
mock control group (n=8). The groups were housed in separate rooms
after vaccination. The piglets in the two inactivated vaccine groups
were immunized once intramuscularly at 0 days post vaccination (dpv)
with 2mL of the appropriate prepared inactivated vaccine. The piglets
in the mock control group were injected with PBS only. Serum samples
were collected at 21 dpv for antibody detection. At 21 dpv, the piglets
in each of the three groups were subdivided randomly into two parallel
subgroups and were challenged orally with 3mL of 1000 times the
median pig diarrhea dose (PDD50) of cell culture-adapted GIIa CH/
HBXT/2018-P4 (original PDD50: 8.63 log10PDD50/3mL) or GIIb CH/
HNPJ/2017-P4 (original PDD50: 7.68 log10PDD50/3mL) (Liu et al.,
2018). After the challenge, the piglets were observed daily for 7 days
for clinical signs of PEDV infection, and clinical scores of fecal con-
sistency were determined as described in a previous study, as follows: 0
= normal; 1 = pasty; 2 = semiliquid; and 3 = liquid (Liu et al., 2015).
Fecal samples were collected daily using rectal swabs and were tested
immediately for the duration of the challenge to monitor viral shedding
in feces.

2.4. Real-time PCR

Viral RNA was extracted from intestinal contents using an RNeasy
Mini Kit (Qiagen, USA) according to the manufacturer’s instructions.
Real-time PCR targeting the PEDV N gene was performed as described
previously (Zhang et al., 2017).

2.5. ELISA and virus neutralization (VN) test

PEDV-specific IgG antibody responses elicited by immunization
with the inactivated GIIa CH/HBXT/2018-P20 and GIIb CH/HNPJ/
2017-P20 vaccines were assessed with a commercial indirect ELISA (I-
ELISA) kit (Swinecheck PED indirect, Biovet, GC Kerkrade, the
Netherlands) according to the manufacturer’s instructions.

Neutralizing antibody titers in serum samples collected from piglets
in all groups were determined with a cell culture-adapted GIIa PEDV
CH/HBXT/2018 strain-based VN test (HBXT VN) and a cell culture-
adapted GIIb PEDV CH/HNPJ/2017 strain-based VN test (HNPJ VN) as
described previously (Liu et al., 2018), with some modifications.
Briefly, two-fold serial serum dilutions starting at 1:2 were coincubated
at 37℃ for 1 h with equal volumes of viral stock containing 200 TCID50

of virus in 96-well plates (Corning, USA). Then, the mixture was in-
oculated into the Vero cell monolayers of a 96-well tissue culture plate,
and the plate was washed thrice with PBS and incubated at 37 °C for
1 h. After incubation, the mixture was discarded, and the plate was
washed thrice with PBS. Next, maintenance medium containing trypsin
(20 μg/mL) was added to each well, and the plate was incubated for 5
days at 37℃. Neutralizing antibody titers were calculated as the re-
ciprocal of the highest serum dilution that completely inhibited CPEs.

2.6. Cytokine detection (IFN-γ)

The levels of IFN-γ in piglet serum samples in all groups were col-
lected at 21 dpv and were determined with a commercial porcine IFN-γ
ELISA kit (Solarbio, China) according to the manufacturer’s instruc-
tions.

2.7. Statistical analysis

Statistical analysis was performed using SPSS 16 software.
Statistical significance among the different experimental groups was
determined using one-way ANOVA with Tukey multiple comparison
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test. A difference was considered significant when the P value was less
than 0.05.

3. Results

3.1. Clinical observations and fecal viral shedding

Before and after the experiment, all of the piglets were closely
monitored. The results for the detection of PEDV-specific IgG antibodies
and viral shedding in the feces of all piglets showed that all piglets in
the three groups were seronegative for PEDV and exhibited no viral
shedding in feces before vaccination. In addition, all piglets were ap-
parently healthy and had no clinical symptoms before the challenge.

After the challenge, fecal viral shedding in each group was generally
accompanied by clinical signs of disease (Table 1). In detail, during the
experiment, no piglets in the inactivated GIIa CH/HBXT/2018 vaccine
group (n= 8) showed any clinical signs of PED or any viral shedding in
fecal samples after separate 1000 PDD50 cell culture-adapted GIIa CH/
HBXT/2018-P4 and GIIb CH/HNPJ/2017-P4 challenges. Among the
piglets (n= 4) in the inactivated GIIb CH/HNPJ/2017 vaccine group
inoculated with the GIIa strain, three piglets showed watery diarrhea
(clinical scores: 3) and viral shedding in feces (cycle threshold (CT)
values: 24.27–25.44) between 2 and 5 days post inoculation (DPI);
these piglets were euthanized after PEDV infection was confirmed
(Table 1). In addition, among the piglets (n= 4) in the inactivated GIIb
CH/HNPJ/2017 vaccine group inoculated with the GIIb strain, two
PEDV-positive piglets were confirmed between 2 and 3 DPI (clinical

scores: 2–3, CT values: 24.32–26.23) (Table 1). In the mock control
group, all of the piglets (n= 4) inoculated with the GIIa strain tested
PEDV-positive (clinical scores: 2–3, CT values: 17.72–23.02) between 2
and 3 DPI, while all of the piglets (n= 4) inoculated with the GIIb
strain tested PEDV-positive (clinical scores: 2–3, CT values:
23.02–28.20) at 4 DPI.

3.2. Anti‑PEDV IgG and neutralizing antibody levels in serum of vaccinated
pigs

The serum antibody responses induced by the two experimental
vaccines were assessed by I-ELISA and VN tests. As shown in Fig. 1a, the
antiserum samples collected from the two inactivated vaccine groups at
21 dpv were positive for PEDV-specific IgG antibodies as determined by
the commercial I-ELISA kit, while all samples from the mock control
group were negative. Compared with those of the mock control group,
the PEDV-specific IgG antibody levels of the two inactivated vaccine
groups were significantly elevated (p < 0.05). However, there were no
significant differences between the two inactivated vaccine groups
(p > 0.05).

As shown in Fig. 1b and c, VN antibodies were detected at 21 dpv in
the serum of the piglets vaccinated with either the GIIa CH/HBXT/2018
strain-based inactivated vaccine or the GIIb CH/HNPJ/2017 strain-
based inactivated vaccine, regardless of whether testing was conducted
with the HBXT VN assay or the HNPJ VN assay. The positive HBXT
antiserum samples induced by the GIIa CH/HBXT/2018 strain-based
inactivated vaccine had similar VN antibody titers in both the HBXT VN

Table 1
Summary of clinical scores and fecal viral shedding for the challenged piglets in each group.

aDays post inoculation for piglets.
bPiglets were challenged orally with 3mL of 1000 times the median pig diarrhea dose (PDD50) of cell culture-adapted CH/HBXT/2018-P4 (original PDD50: 8.63
log10PDD50/3mL).
cPiglets were challenged orally with 3mL of 1000 PDD50 of cell culture-adapted CH/HNPJ/2017-P4 (original PDD50: 7.68 log10PDD50/3mL).
dPiglets in the mock control group were inoculated orally with 3mL of PBS.
eNumber of PEDV-positive piglets.
fCycle threshold value; a value greater than 30 was considered negative or below the detection limit of real-time PCR.
gClinical score for fecal consistency, as follows: 0 = normal; 1 = pasty; 2 = semiliquid; and 3 = liquid.
hSamples with no Ct value (no PEDV RNA detected) are indicated with a (-).
The gray blocks indicate that the PEDV-positive piglets were euthanized after infection was confirmed by clinical symptoms and fecal viral shedding.
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and HNPJ VN assays, and there was no significant difference between
the two assays (p > 0.05) (Fig. 1b and c). However, the positive HNPJ
antiserum samples had different VN antibody titers in both the HBXT
VN and HNPJ VN assays, and overall, there was significant difference
between the two assays (p < 0.05) (Fig. 1b and c). The VN antibody
titers of the positive HNPJ antiserum samples tested with the homo-
logous HNPJ VN assay were higher than the VN antibody titers of the
positive HNPJ antiserum samples tested with the heterogenous HBXT
VN assay (Fig. 1b and c). The antiserum samples collected from the
mock control group (negative antiserum) were negative for antibodies
in both HBXT VN and HNPJ VN assays at 21 dpv.

3.3. IFN-γ levels in vaccinated pigs

As shown in Fig. 1d, IFN-γ was detected in the serum of piglets
vaccinated with either the GIIa CH/HBXT/2018 strain-based in-
activated vaccine or the GIIa CH/HNPJ/2017 strain-based inactivated
vaccine, while no IFN-γ was detected in the serum of the mock control
group. The levels of IFN-γ in the two inactivated vaccine groups were
significantly higher than that in the mock control group (p < 0.05).
There was no significant difference between the two inactivated vac-
cine groups (p > 0.05) (Fig. 1d).

3.4. Protective efficacy in piglets after challenge

The protective efficacy of the two inactivated vaccines against
challenge with virulent homologous and heterologous virus (1000
PDD50/3mL GIIa PEDV strain CH/HBXT/2018-P4) was determined by
the absence of clinical signs and by decreased viral shedding during the
7-day observation period. The results showed that the GIIa CH/HBXT/
2018 strain-based inactivated vaccine could protect all piglets (8/8)
against virulent homologous and heterologous virus challenge
(Table 1), while the GIIb CH/HNPJ/2017 strain-based inactivated
vaccine protected only 2/4 and 1/4 piglets against virulent homologous
and heterologous virus challenge (Table 1), respectively. No piglets in
the mock control group were protected after virulent homologous or

heterologous virus challenge (Table 1).

4. Discussion

The failure of live attenuated/inactivated classic PEDV strain-based
vaccines and the severity of PED caused by highly virulent GII-genotype
PEDV (field epidemic) strains make development of an efficacious
vaccine imperative. Many epidemiological studies have shown that
highly virulent GII PEDV strains have become pandemic in the swine
population worldwide (Song and Park, 2012; Kim et al., 2015). In ad-
dition, according to previous studies, antigenic variations between
classic and emerging PEDV strains may contribute to the failure of
traditional attenuated vaccines in Asia (Lin et al., 2016). Therefore, our
laboratory has previously isolated and serially propagated two highly
virulent GII PEDV strains, CH/HBXT/2018 (GIIa) (data not shown) and
CH/HNPJ/2017(GIIb) (Liu et al., 2018), in Vero cells for next-genera-
tion vaccine development. Furthermore, cross-protection experiments
between GⅠ and GII and between GⅠa and GⅠb have been performed (Lin
et al., 2016) and have shown differences in cross-protective effects
between the different genotype strains. However, to date, there is still
no information on cross-protective effects between GIIa and GIIb.
Therefore, in this study, the immunogenicity and cross-protective effi-
cacy of two cell culture-derived GIIa and GIIb PEDV strain-based in-
activated vaccines were evaluated in suckling piglets; furthermore,
cross-neutralization between the two inactivated vaccines was eval-
uated.

Thus far, most PEDV challenge studies have chosen TCID50 as the
infectious titer for a PEDV challenge pool (Lohse et al., 2017; Lee et al.,
2018). However, our previous studies showed that the infectious titer of
the PEDV strain in pigs is higher than that in Vero cells (Liu et al.,
2018). Therefore, to evaluate vaccine efficacy in vivo, it is necessary to
challenge piglets with a standardized and validated dose of PEDV.
Hence, in this study, we used the median pig diarrhea dose (PDD50) as
the standard infectious titer of inoculum to assess vaccine efficacy.

In many efficacy experiments for inactivated PEDV vaccines in pigs,
a multiple-dose vaccination program involving 2 or 3 intramuscular

Fig. 1. Humoral and cellular immune response
levels of piglets after vaccination with the GIIa
(CH/HBXT/2018) and GII2b (CH/HNPJ/2017)
PEDV strain-based inactivated vaccine candi-
dates. Pigs were vaccinated at 0 days post
vaccination (dpv) and then challenged with
virulent homologous (GIIa strain CH/HBXT/
2018 for the GIIa-vaccinated piglets) and het-
erologous (GII2b strain CH/HNPJ/2017 for the
GIIa-vaccinated piglets) viruses. a: The IgG le-
vels of piglets at 21 dpv. The asterisks indicate
significant differences (P < 0.05). b and c:
Neutralizing antibody titers against the GIIa
(CH/HBXT/2018) and GII2b (CH/HNPJ/2017)
PEDV strains. d: Levels of the cytokine IFN-γ in
piglets at 21 dpv.
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administrations of vaccines at 2- or 3-week intervals is commonly used
to obtain high levels of neutralizing antibodies in serum and colostrum
(Song and Park, 2012; Opriessnig et al., 2017; Lee et al., 2018; Sato
et al., 2018). In addition, pregnant sows are optimal animal models for
evaluating the efficacy of inactivated PEDV vaccines in target popula-
tions, such as neonatal piglets, because transfer of maternal antibodies
to piglets via colostrum may play an important role in the development
of protective immunity against PEDV in suckling piglets (Goede et al.,
2015; Lee et al., 2018). In the present study, however, to overcome the
constraints of housing and feeding and to comply with the relevant
evaluation standards for Chinese veterinary bioproducts, we used
newborn piglets (3–5 days old) to evaluate the protective efficacy of our
experimental inactivated vaccine candidates, and all piglets received
only one vaccination at 0 dpv. Hence, the levels of neutralizing anti-
bodies determined in this study are lower than those reported in many
previous related studies. In our future study, we will further evaluate
the immunogenicity and protective efficacy of these two inactivated
vaccine candidates using pigs in different growth phases.

5. Conclusion

The data in the present study indicate that the GIIa (CH/HBXT/
2018) and GIIb (CH/HNPJ/2017) PEDV strain-based inactivated vac-
cine candidates both could induce high levels of PEDV-specific IgG
antibodies and reduce levels of neutralizing antibodies at 21 dpv in
suckling piglets. In addition, the two inactivated vaccine candidates
both induced higher levels of IFN-γ than the mock control group. The
GIIa-based inactivated vaccine protected all piglets (8/8) against viru-
lent homologous and heterologous virus challenge, while the GIIb
strain-based inactivated vaccine protected only 2/4 and 1/4 piglets
against virulent homologous and heterologous virus challenge, re-
spectively. Furthermore, the antibodies against the GIIa and GIIb strains
cross-reacted and cross-neutralized both strains in vitro.
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