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Evaluation of the efficacy of a 
commercial inactivated genogroup 2b-based 
porcine epidemic diarrhea virus (PEDV) vaccine 
and experimental live genogroup 1b exposure 
against 2b challenge
Tanja Opriessnig1,2*, Priscilla F. Gerber1,3, Huigang Shen2, Alessandra Marnie M. G. de Castro2,4, 
Jianqiang Zhang2, Qi Chen2 and Patrick Halbur2

Abstract 

Porcine epidemic diarrhea virus strains from the G1b cluster are considered less pathogenic compared to the G2b 
cluster. The aim of this study was to compare the ability of G1b-based live virus exposure against use of a commercial 
G2b–based inactivated vaccine to protect growing pigs against G2b challenge. Thirty-nine PEDV naïve pigs were 
randomly divided into five groups: EXP-IM-1b (intramuscular G1b exposure; G2b challenge), EXP-ORAL-1b (oral G1b 
exposure; G2b challenge), VAC-IM-2b (intramuscular commercial inactivated G2b vaccination; G2b challenge), POS-
CONTROL (sham-vaccination; G2b challenge) and NEG-CONTROL (sham-vaccination; sham-challenge). Pigs were 
vaccinated/exposed at 3 weeks of age (day post-vaccination 0, dpv 0), VAC-IM-2b pigs were revaccinated at dpv 14, 
and the pigs were challenged at dpv 28. Among all groups, VAC-IM-2b pigs had significantly higher anti-PEDV IgG 
levels on dpv 21 and 28 while EXP-ORAL-1b pigs had significantly higher anti-PEDV IgA levels on dpv 14, 21, 28 and 
35. EXP-ORAL-1b also had detectable IgA in feces. Intramuscular PEDV exposure did not result in a detectable anti-
body response in EXP-IM-1b pigs. The fecal PEDV RNA levels in VAC-IM-2b pigs were significantly lower 5–7 days after 
challenge compared to the POS-CONTROL group. Under the study conditions a commercial inactivated G2b-based 
vaccine protected pigs against G2b challenge, as evidenced by reduction of PEDV RNA in feces for 3–4 logs during 
peak shedding and a shorter viral shedding duration. The oral, but not the intramuscular, experimental G1b-based 
live virus exposure induced a high anti-PEDV IgA response prior to challenge, which apparently did not impact PEDV 
shedding compared to POS-CONTROL pigs.

© The Author(s) 2017. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Introduction
Clinical porcine epidemic diarrhea and its causative 
virus PEDV were discovered in European pigs in the 
1970s [1, 2], spread to Asia during the 1980s and 1990s 
[3], and became endemic in pigs on both continents [2, 
3]. Approximately 10 years ago PEDV re-emerged as an 
important enteric disease of suckling and growing pigs 

[4]. In 2013, PEDV was introduced for the first time to 
North America [5] causing major disease and mortality 
[6].

PEDV can be differentiated into genogroups [7]. On the 
basis of Spike (S) gene sequences, PEDV isolates can be 
divided into G1a, G1b, G2a and G2b [7, 8]. G1a includes 
historic PEDV isolates such as CV777 and attenuated 
variants distributed in Europe and Asia, whilst G1b 
includes the so called S-INDEL strains which can be 
found in Europe, Asia and North America. G2a isolates 
are restricted to Asia whereas G2b isolates are present 
in Asia and the Ukraine [9], and since US introduction 
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in 2013 are widespread in the US and considered the US 
prototype [8, 10]. Differences in pathogenicity between 
representative isolates of different genogroups have been 
demonstrated [10–12], with G2b isolates usually being 
more pathogenic compared to G1b isolates. Partial cross-
protection between PEDV G1b and G2b isolates has been 
demonstrated experimentally [12].

In January 2014 the first conditional licensed PEDV 
vaccine was introduced to the North American pig mar-
ket [13], and today an RNA particle-based vaccine and 
an inactivated PEDV vaccine are available in the US 
to immunize sows against PEDV [13]. While the use of 
these vaccines is often beneficial in previously exposed 
herds, they often fail in naïve herds [14]. One reason for 
the variable vaccine efficacy observed under field con-
ditions may be the usage of inactivated vaccines given 
intramuscularly rather than live virus vaccines given 
orally to induce a strong local enteric immunity. It would 
be risky to use a known pathogenic G2b live vaccine virus 
in a pig population; however, using a less virulent variant 
such as G1b instead may be safe and efficacious.

The objectives of this study were to compare the effi-
cacy of heterologous G1b and homologous G2b based 
vaccines in protecting growing pigs against G2b chal-
lenge. Specifically, an experimental G1b-based live 
vaccine, administered orally or intramuscularly and a 
commercial G2b–based inactivated vaccine administered 
intramuscularly were compared side by side.

Materials and methods
Ethical statement
The experimental protocol was approved by the Iowa 
State University Institutional Animal Care and Use Com-
mittee (Approval Number: 5-14-7804-S).

Animals, housing, and experimental design
Thirty-nine, 2-week-old, colostrum-fed, arbitrarily-
selected, crossbred, PEDV naïve weaned pigs were ran-
domly assigned to one of five rooms and groups, with 
7–8 pigs in each group (Table  1). All groups were fed 
ad  libitum with a balanced, age-appropriate, pelleted 
feed ration. At 3  weeks of age or dpv 0, EXP-IM-1b, 
EXP-ORAL-1b and VAC-IM-2b groups were vaccinated 
with different vaccines and routes as outlined in Table 1, 
whereas POS-CONTROL and NEG-CONTROL pigs 
were sham-vaccinated with saline. VAC-IM-2b pigs were 
revaccinated at 5  weeks of age (dpv 14). At day post-
challenge (dpc) 0 or dpv 28, when the pigs were 7 weeks 
old, they were challenged as shown in Table 1. The POS-
CONTROL group served as a challenge control group 
while the NEG-CONTROL was sham-challenged and 
served as unvaccinated, unchallenged group. Half of the 
pigs in each group were necropsied at dpv 31/dpc 3 and 

the remainder at dpv 42/dpc 14. The experimental design 
and sample collection details are summarized in Figure 1. 
Blood was collected in serum separator tubes on a weekly 
basis (Fisher Scientific, Pittsburgh, PA, USA), centrifuged 
at 3000 × g for 10 min at 4 °C, and the serum was stored 
at −80  °C until testing. Rectal swabs were collected at 
dpv 0, 7, 14, 21 and 28 followed by daily collection until 
dpv 41/dpc 13 using polyester swabs and stored in 5 mL 
plastic tubes containing 1 mL of sterile saline solution at 
−80  °C until testing. Individual fecal samples were col-
lected in 50 mL plastic tubes and frozen immediately at 
−80 °C until testing. 

Vaccination
At 3  weeks of age (dpv 0), the EXP-IM-1b and the 
EXP-ORAL-1b pigs were vaccinated with a G1b (US 
S-INDEL-variant) live PEDV isolate 14-20697 at the 
 7th cell culture passage [10, 15] as indicated in Table  1. 
After cell culture adaption this virus was used to infect 
5-day old pigs previously and had reduced pathogenic-
ity compared to G2b isolates [10]. For the intramuscular 
vaccination, 2 mL of the G1b virus stock with a titer of 
5 × 104 50% tissue culture infectious dose  (TCID50) per 
mL was mixed with 0.4 mL Adjuplex™ vaccine adjuvant 
(Lot Number SLBP5255  V; Sigma-Aldrich, St Louis, 
MO, USA) prior to injection. The same G1b cell culture 
adapted virus stock used in this study has been shown to 
have moderate to severe enteric pathogenicity in 5-day 
old pigs [10]. Each pig in the EXP-IM-1b group received 
2.4 mL intramuscularly into the neck, with a total PEDV 
dose of 1 ×  105  TCID50. For the oral vaccination route, 
each EXP-ORAL-1b pig was administered 10 mL of the 
G1b virus stock with a titer of 6.8 × 103  TCID50 per mL 
by slowly dripping the vaccine into the mouth of each pig 
with a total dose of 6.8 × 104  TCID50. Adjuvant was not 
used for the oral vaccination route. Pigs in the VAC-IM-
2b group were vaccinated intramuscularly with 2 mL of 
a commercial conditionally-licensed inactivated PEDV 
vaccine based on a G2b strain (Zoetis; Serial Number 
117962) into the right neck. The VAC-IM-2b group was 
revaccinated 2  weeks later (dpv 14) with another 2  mL 
of the vaccine as recommended by the manufacturer. 
The POS-CONTROL group was sham-vaccinated intra-
muscularly in the neck with 2.4 mL saline and the NEG-
CONTROL group was sham-vaccinated orally with 
10 mL saline (Table 1).

Challenge
The  8th passage of virulent PEDV G2b strain 13-19338E 
[10, 16] was grown to a final titer of 6.8 ×  104  TCID50 
per mL. At 7 weeks of age, EXP-IM-1b, EXP-ORAL-1b, 
VAC-IM-2b and POS-CONTROL pigs (Table 1) received 
10 mL of the PEDV G2b challenge virus stock orally by 
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slowly dripping the inoculum into the mouth with a total 
dose of 6.8 ×  105  TCID50. Pigs in the NEG-CONTROL 
group were sham-inoculated with 10 mL saline orally.

Average daily weight gain and clinical observations
All pigs were weighed at dpv 0, at dpv 28/dpc 0 and at 
dpv 42/dpc 14 (Figure 1). The average daily gain (ADG) 
from dpv 0 (vaccination 1) to dpv 42/dpc 14 (necropsy 2) 
was calculated. After PEDV challenge the fecal consist-
ency was scored for each pig daily, ranging from 0 to 3 
with 0 = solid, 1 = semisolid, 2 = pasty, and 3 = liquid. 
All pigs were examined daily for other signs of illness 
including lethargy, respiratory disease, inappetence and 
lameness.

Serology
All serum samples were tested for the presence of PEDV 
IgG and IgA antibodies by an in-house PEDV G2b S1 
protein based indirect ELISA [17, 18]. For IgG detection, 
a sample-to-positive (S/P) ratio of > 0.2 was considered 
positive, between 0.14 and 0.2 as suspect, and < 0.14 as 
negative. For the IgA ELISA an S/P ratio above or equal 
to 0.14 was considered positive. In addition, fecal samples 
collected at dpv 0, dpv 28, and at necropsy at dpv 31/dpc 
3 or dpv 42/dpc 14 were also tested for presence of PEDV 
IgA antibodies [18]. Modifications for this assay included 

that samples were diluted 1:2 and the secondary anti-
body was diluted 1:2000. The positive cutoff for this assay 
was S/P ratio equal or greater than 0.14. Serum samples 
at dpv 28 were titrated for anti-PEDV virus neutralizing 
antibodies by an immunofluorescence assay as previously 
described [15]. Serum was diluted two-fold starting from 
1:20 to 1:1280. Titers were given as the reciprocal of the 
last dilution giving a positive result.

RNA extraction, detection and quantification of PEDV RNA
Total nucleic acids were extracted from all rectal swabs 
using the MagMax™ Pathogen RNA Kit (Applied Bio-
systems, Life Technologies, Carlsbad, CA, USA) on an 
automated nucleic acid extraction system (Thermo Sci-
entific  Kingfisher® Flex, Thermo Fisher Scientific, Pitts-
burgh, PA, USA) according to the instructions of the 
manufacturer. All RNA extracts were tested for the pres-
ence of PEDV RNA by a quantitative real-time PCR [19]. 
Samples were considered negative when no signal was 
observed within 40 amplification cycles.

Necropsy
Half of the pigs in each group were necropsied at dpv 
31/dpc 3 and the remaining pigs were necropsied at 
dpv 42/dpc 14. The pigs were humanely euthanized by 
intravenous pentobarbital sodium overdose (Fatal  Plus®, 

Figure 1 Experimental design and sample collection. All abbreviations used in Figure 1 are summarized in the black rectangular box. The top 
line indicates the day post PEDV challenge and the corresponding day post vaccination at which the main events including vaccinations, G2b PEDV 
challenge, and necropsies occurred. The pigs were housed in groups of 7–8 and were vaccinated with a live G1b PEDV virus (blue boxes), an inacti-
vated G2b PEDV virus (black boxes) or were sham-vaccinated or sham-challenged (green boxes). Red boxes indicate G2b PEDV challenge.
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Vortech Pharmaceuticals, LTD, Dearborn, MI, USA). 
Gross lesions were assessed by a veterinary patholo-
gist and eight sections of small intestines, three sections 
of large intestines and one section of mesenteric lymph 
node were collected, fixed in 10% neutral-buffered forma-
lin, and routinely processed for histological examination.

Histopathology and immunohistochemistry
Microscopic lesions were evaluated by a veterinary 
pathologist blinded to the treatment groups. Sections of 
small intestines were evaluated for the presence of villus 
atrophy and scored from 0 (none) to 3 (severe). PEDV-
specific antigen was detected by immunohistochemistry 
(IHC) using a monoclonal antibody specific for PEDV 
(BioNote, Hwaseong-si, Gyeonggi-do, Korea) [5, 20]. 
The amount of PEDV antigen was scored by a patholo-
gist blinded to treatment status. Scores ranged from 0 to 
3 with 0 =  no signal, 1 =  1–10% of villous enterocytes 
within the section showing a positive signal, 2 = 11–50% 
of villous enterocytes showing a positive signal, and 
3 = more than 50% of villous enterocytes showing a posi-
tive signal.

Statistical analysis
For data analysis,  JMP® software version 11.0.0 (SAS 
Institute, Cary, NC, USA) was used. Summary statistics 
were calculated for all the groups to assess the overall 
quality of the data set including normality. Statistical 
analysis of the data was performed by one-way analysis 
of variance (ANOVA) for continuous data. A P value of 
less than 0.05 was set as the statistically significant level. 
Pairwise test using Tukey’s adjustment was subsequently 
performed to determine significant group differences. 
Real-time PCR results (copies per mL of fecal swab sus-
pension) were  log10 transformed prior to statistical analy-
sis. The area under the curve (AUC) of viral shedding of 
each animal and the total AUC for each group was calcu-
lated using the log transformed values of the viral loads 
from dpv 29 to 41/dpc 1 to 13. One-way ANOVA and a 
Bonferroni post hoc test were used to compare groups. 
Non-repeated nominal data were assessed using a non-
parametric Kruskal–Wallis one-way ANOVA, and if sig-
nificant, pairwise Wilcoxon tests were used to evaluate 
differences among groups.

Results
Clinical observation and average daily weight gain (ADG)
Clinical signs in the PEDV-infected pigs were limited to 
diarrhea. Three days after vaccination, 4/8 EXP-ORAL-
1b pigs had semisolid feces and 7  days later all pigs in 
this group had pasty feces. None of the pigs in the other 
groups had any fecal consistency changes and all pigs 
remained normal until PEDV challenge. Liquid fecal 

consistency was observed in 4/7 EXP-IM-1b pigs by dpv 
31/dpc 3 and feces remained fluid in the majority of the 
pigs until dpv 35/dpc 7 before becoming pasty-to-solid. 
In the remaining groups individual pigs had liquid feces 
for 1–2 days of duration (data now shown) with no dif-
ferences among groups. The overall ADG is summarized 
in Table  1. There were no significant differences among 
groups.

Anti‑PEDV IgG and neutralizing antibody levels in serum 
samples
All pigs were negative for anti-PEDV IgG antibodies in 
serum samples by ELISA at dpv 0 and NEG-CONTROL 
pigs remained seronegative for the duration of the study. 
Anti-PEDV IgG antibodies were first detected in 2/8 
VAC-IM-PEDV pigs at dpv 7 (Figure  2). By dpv 14, 3/8 
pigs in this group were seropositive and 3/8 were suspect. 
All VAC-IM-2b pigs were anti-PEDV IgG positive by dpv 
21. In the EXP-ORAL-1b group, 6/8 pigs were positive 
for anti-PEDV IgG antibodies by dpv 14, 7/8 were pos-
itive at dpv 21 and at dpv 28, 3/4 pigs were positive by 
dpv 35/dpc 7, and at termination of the study 3/4 were 
positive and 1/4 was suspect (Figure 2). The EXP-IM-1b 
group remained anti-PEDV IgG negative until dpv 35/
dpc 7 at which time all three remaining pigs in this group 
were positive (Figure  2). One of four POS-CONTROL 
pigs seroconverted to PEDV by dpc 7 and all 4 pigs in this 
group were seropositive by dpc 14. Anti-PEDV neutral-
izing antibodies were not detected in the EXP-IM-1b, 
POS-CONTROL and NEG-CONTROL groups at dpv 28. 
Neutralizing antibody titers ranged from 40 to 320 with 
a geometric mean of 89.7 in the EXP-ORAL-1b group, 
and ranged 40–1280 with a geometric mean of 320 in the 
VAC-IM-2b group.

Anti‑PEDV IgA antibody levels in serum and fecal samples
All pigs were negative for anti-PEDV IgA antibodies in 
serum samples by ELISA at dpv 0 and 7 and NEG-CON-
TROL pigs remained seronegative for the duration of 
the study. Anti-PEDV IgA antibodies in serum samples 
were first detected in 8/8 EXP-ORAL-1b pigs at dpv 14 
(Figure  3). One week later at dpv 21, anti-PEDV IgA in 
sera were also detected in 5/8 VAC-IM-2b pigs; however, 
in this group antibody levels decreased, and by dpv 28/
dpc 0 only 1/8 pigs were anti-PEDV IgA positive. IgA 
antibodies against PEDV in the EXP-IM-1b group were 
detected by dpv 35/dpc 7 in 2/3 pigs and by dpv 42/dpc 
14 in 3/3 pigs (Figure  3). One of four POS-CONTROL 
pigs had detectable anti-PEDV IgA antibodies by dpc 7 
and 4/4 pigs were seropositive by dpc 14 (Figure  3). By 
dpv 28/dpc 0, one EXP-ORAL-1b pig had detectable IgA 
levels in feces and by dpv 31/dpc 3 one additional pig in 
this group was positive for PEDV IgA in feces (data not 
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shown). By 14 dpc, PEDV IgA antibodies in feces were 
present in 2/3 EXP-IM-1b pigs, 3/4 EXP-ORAL-1b pigs, 
2/4 POS-CONTROL pigs and 1/4 VAC-IM-2b pigs (data 
not shown).

Prevalence and amount of PEDV RNA in rectal swabs 
and serum samples
All pigs were negative for PEDV RNA in fecal swabs 
on dpv 0 and NEG-CONTROL pigs remained nega-
tive for the duration of the study. After vaccination 
with a live G1b strain, fecal shedding was detected in 
8/8 EXP-ORAL-1b pigs by dpv 7 and in 7/8 pigs by dpv 
14 (Figure  4). In addition, 5/8 EXP-ORAL-1b pigs had 
detectable amounts of PEDV RNA in serum by dpv 7 
(data not shown). On the day of challenge, 1/8 EXP-
ORAL-1b pigs shed low amounts of PEDV in feces. 
PEDV RNA was detected in rectal swabs of 2/8 EXP-
IM-1b pigs by dpv 7; however, PEDV RNA was never 
detected in serum (data not shown). After challenge, 3/7 
EXP-IM-1b pigs shed virus by dpv 29/dpc 1. Viral shed-
ding in rectal swabs was first detected by dpv 30/dpc 2 
in 5/8 EXP-ORAL-1b pigs, in 1/8 VAC-IM-2b pigs and 
in 2/8 POS-CONTROL pigs. Group mean genomic cop-
ies of PEDV RNA in rectal swabs are summarized in 

Figure  5. The average duration of PEDV shedding was 
calculated by adding the number of consecutive PEDV 
PCR positive days of each pig that remained in the study 
until dpv 42/dpc 14 divided by all pigs in a group. The 
average duration of PEDV shedding and the AUC are 
summarized in Table 1.

Gross lesions
At dpv 31/dpc 3, PEDV-infected pigs regardless of vac-
cination status had hyperemic intestines that were fluid-
filled. Specifically, liquid intestinal content was noted in 
3/4 EXP-IM-1b pigs, in 2/4 EXP-ORAL-1b pigs, in 2/4 
VAC-IM-2b pigs and in 1/4 POS-CONTROL pigs. At 
dpv 42/dpc 14, 1/4 POS-CONTROL pigs had fluid filled 
intestines and a dilated colon without remarkable lesions 
in any of the other pigs.

Microscopic lesions and PEDV antigen in tissues
Microscopic lesions were seen in 2/4 EXP-IM-1b pigs, 
1/4 EXP-ORAL-1b pigs, 1/4 VAC-IM-2b pigs and 2/4 
POS-CONTROL pigs which had mild to severe atrophic 
enteritis by dpv 31/dpc 3. There were no lesions in any 
of the other pigs. Five of the six pigs with microscopic 
lesions also had moderate-to-high amounts of PEDV 

Figure 2 Group mean anti-PEDV IgG response in serum samples. The samples were collected at the day of initial vaccination (dpv 0), and 
dpv 7, 14, 21, 28, 35 and 42 and tested by an in house IgG PEDV ELISA. Pigs were exposed to live G1b PEDV at 3 weeks of age (dpv 0) or were vacci-
nated at 3 (dpv 0) and 5 (dpv 14) weeks of age with a commercial inactivated PEDV G2b vaccine. Pigs were challenged with PEDV G2b at 7 weeks of 
age (dpv 28/day post challenge or dpc 0). Data presented as mean group ELISA sample-to-positive (S/P) ratios ± SEM. Significantly different values 
for a dpc are indicated by different superscripts (A,B,C). The significance level was set to P < 0.05. Seropositive pigs/total number of pigs per group for 
groups that contained at least one seropositive pigs can be seen next to the group mean.
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antigen associated with the lesions (two EXP-IM-G1b 
pigs, scores 3 and 3; a EXP-ORAL-G1b pig, score 2; a 
VAC-IM-G2b pig score 3; and a POS-CONTROL pig, 
score 3). There were no significant differences in antigen 
levels or severity of microscopic lesions among groups. 
No microscopic lesions nor PEDV antigen were observed 
at dpv 42/dpc 14.

Discussion
Vaccination strategies to protect against PEDV are chal-
lenging, as the most vulnerable population is suckling 
pigs. Vaccine efficacy studies using pregnant sows are 
difficult and costly. To select novel PEDV vaccine can-
didates and to generate preliminary data, the growing 
pig model has been used [21]. In this study growing pigs 
were used to test and compare the efficacy of live or inac-
tivated vaccines to protect pigs against challenge with a 
highly virulent G2b PEDV isolate.

Pig veterinarians and producers often prefer intramus-
cular administration to assure each pig gets vaccinated 
with the appropriate dose. Intramuscular administration 
is known to induce a systemic immune response [22]. 
In this study, VAC-IM-2b pigs had a strong anti-PEDV 

IgG response in serum which was significantly higher 
compared to EXP-ORAL-1b pigs. This could be due to 
the adjuvant  Amphigen® used in the commercial prod-
uct or due to the booster dose that the VAC-IM-2b pigs 
received. In contrast to live virus exposure, inactivated 
vaccines are almost always given in 2 dose regimens; 
hence in this study the VAC-IM-G2b group received a 
booster dose whereas the EXP-IM-G1b and EXP-ORAL-
G1b pigs did not. In contrast to oral exposure to a live 
virus, pigs vaccinated with the commercial inactivated 
virus had a weak anti-IgA response in serum and no 
anti-PEDV IgA response in feces. This is not surpris-
ing as inactivated vaccines often do not induce effective 
mucosal immunity in naïve pigs whereas oral exposure 
elicits better gut immunity [22]. It has been shown that 
IgA levels in serum correlates with IgA measured in feces 
from experimentally infected piglets [18] and in serum 
and colostrum and milk samples of sows orally immu-
nized [13]. These studies indicate that measuring IgA lev-
els in serum samples may be a marker of protection.

For safety reasons, veterinarians and producers often 
prefer inactivated vaccines. However, for some viruses 
such as porcine reproductive and respiratory syndrome 

Figure 3 Group mean anti-PEDV IgA response in serum samples. The samples were collected at the day of initial vaccination (dpv 0), and dpv 
7, 14, 21, 28, 35 and 42 and tested by an in house IgA PEDV ELISA. Pigs were exposed to live G1b PEDV at 3 weeks of age (dpv 0) or were vaccinated 
at 3 (dpv 0) and 5 (dpv 14) weeks of age with a commercial inactivated PEDV G2b vaccine. Pigs were challenged with PEDV G2b at 7 weeks of age 
(dpv 28/day post challenge or dpc 0). Data presented as mean group ELISA sample-to-positive (S/P) ratios ± SEM. Significantly different values for 
a dpc are indicated by different superscripts (A,B,C). The significance level was set to P < 0.05. Seropositive pigs/total number of pigs per group for 
groups that contained at least one seropositive pigs can be seen next to the group mean.
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virus (PRRSV), it has been shown that inactivated vac-
cines are largely ineffective [23]. PRRSV requires live 
virus to migrate to the lung and replicate at low levels to 
induce protection. Similarly, PEDV may also require local 
activation of the gut-associated mucosal system. In Asia, 
where PEDV vaccines have been available for decades, 
attenuated G1a-based intramuscular vaccines are com-
monly used [4, 24]. We attempted to inject a G1b isolate 
intramuscularly with an adjuvant. Under the study condi-
tions, except for 2/7 EXP-IM-1b pigs with low levels of 
PEDV RNA in rectal swabs at 7 dpv, there was no sign 
of infection in this group based on lack of seroconver-
sion and lack of detectable PEDV RNA in serum or feces. 
The two PEDV RNA positive EXP-IM-1b samples were 
retested and results confirmed (data not shown).

The pigs that were vaccinated intramuscularly with a 
commercial G2b vaccine were protected against homol-
ogous G2b challenge as evidenced by reduction of the 
amount of PEDV RNA in feces by 3–4 logs during peak 
shedding between dpc 5–7 (dpv 33–35) and shortening 
of the duration of viral shedding. Viral titers to deter-
mine infectivity were not determined, but it has been 
shown previously that contact pigs can be infected for 
up to 14 days after initial infection of a seeder pig group 
[25]. In this study a homologous G1b challenge for pigs 

vaccinated with the experimental G1b live vaccine was 
not included due to space and cost reasons. In addition, 
G2b isolates, considered to be more pathogenic com-
pared to G1b isolates [10, 12], appear to be the primary 
cause of clinical disease associated with PEDV under 
field conditions and are more widely distributed com-
pared to G1b isolates. Pigs orally vaccinated with an 
experimental heterologous G1b live vaccine had a ten-
dency for a shortened viral shedding duration; whereas 
pigs vaccinated intramuscularly with an experimental 
heterologous G1b live vaccine were not protected. It has 
been shown that piglets orally inoculated with a virulent 
CV777 strain were fully protected after challenge, while 
protection was not complete in pigs orally inoculated 
with an attenuated CV777 strain [26]. Prior to usage the 
G1b stock was passaged seven times which could have 
resulted in a low degree of attenuation. It is worth not-
ing that pigs orally immunized with the G1b live vaccine 
presented mild diarrhea and shed high levels of virus for 
at least 2 weeks after immunization. This could pose risks 
of infection and potentially more serious clinical signs in 
younger piglets.

Results from studies on cross-protection between 
genogroups have been contradictory. A previous study 
showed that although G1a-based vaccines (CV777 and 

Figure 4 PEDV shedding patterns for all PEDV challenged pigs separated by group over time. For each group a line corresponds to the 
results for a single pig over time and the quantity of virus shed in fecal swabs for all days tested is shown according to the scale on the right side of 
the heat map. The line between day post vaccination (dpv) 28 and day post challenge (dpc) 1 indicates the PEDV G2 challenge with vaccine virus 
on the left side and first possible appearance of challenge virus on the right side.
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DR13 strains) could provide protection against homolo-
gous challenge, they were not protective against con-
temporary Chinese G2b strain YC2014 [27]. It has been 
suggested that sows naturally-infected with a G1b strain 
produce heterologous lactogenic protective immunity 
against G2b strains 7 months after initial infection [28]. 
However, infection of 3–4  day old piglets with G1b 
strain provided variable protection against a G2b chal-
lenge 21–29 days later and the extent of protection was 
shown to be litter-dependent (mortality 0 to 75%) [12]. 
Additionally, the antigen concentration in the commer-
cial  (106–108  TCID50/dose) and experimental  (104–105 
 TCID50/dose) intramuscular vaccines may have contrib-
uted to differences in the protection observed in the cur-
rent study. The dose of experimental vaccine was limited 
by the G1b virus titer achieved after propagation.

Under the conditions of this study, a commercial inac-
tivated G2b-based PEDV vaccine administered intramus-
cularly protected pigs against homologous challenge. In 
contrast, an experimental G1b-based live virus vaccine 
given intramuscularly was not protective. The same virus 
given orally induced a high IgA response but the virus 

shedding pattern after challenge mimicked that of the 
POS-CONTROL group suggesting limited protection. 
This could perhaps indicate that induction of a genotype 
specific humoral and/or cellular immune response may 
be important for PEDV protection.

Competing interests
The authors declare they have no competing interests.

Authors’ contributions
TO performed the experiments, analysis of the data (including statistical 
analysis) and drafting of the manuscript. PFG performed analysis of samples 
and data. HS, AMMGC, JZ and QC performed the experiment. JZ and QC pro-
vided the inoculum stocks. PGH performed the animal studies and necropsies, 
edited and finalized the manuscript. All authors read and approved the final 
manuscript.

Acknowledgements
The authors thank Kelsey Oakly and Eve Fontanella for assistance with the 
animal work and Gustavo de-Sousa-e-Silva, Marcelo Nunes de Almeida and 
Will Alberto Lopez for assistance with the necropsies.

Funding
The study was funded by the Iowa Livestock Health Advisory Council (ILHAC). 
Additional funding was provided by the Biotechnology and Biological Sci-
ences Research Council (BBSRC) Institute Strategic Programme Grant awarded 
to the Roslin Institute (BB/J004324/1; BBS/E/D/20241864).

Figure 5 PEDV RNA shedding in feces at different days post PEDV G2b challenge (dpc). Pigs were exposed to PEDV at 3 weeks of age (dpv 
0) with live PEDV G1b or vaccinated at 3 (dpv 0) and 5 (dpv 14) weeks of age with a commercial inactivated PEDV G2b vaccine. Pigs were challenged 
with PEDV G2b at 7 weeks of age (dpv 28/dpc 0). A. Mean group  log10 PEDV genomic copies per mL of fecal swab suspension ± SEM. Significant 
different values for a sample type and dpc are indicated by different superscripts (A,B,C). The significance level was set to P < 0.05. There were no 
significant differences among groups on dpv 0 and 21 and on dpc 0, 8, 11 and 13



Page 10 of 10Opriessnig et al. Vet Res  (2017) 48:69 

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Author details
1 The Roslin Institute and The Royal (Dick) School of Veterinary Studies, Univer-
sity of Edinburgh, Midlothian, Scotland, UK. 2 Department of Veterinary Diag-
nostic and Production Animal Medicine, College of Veterinary Medicine, Iowa 
State University, Ames, IA, USA. 3 Animal Science, School of Environmental 
and Rural Science, University of New England, Armidale, NSW 2351, Australia. 
4 Complexo Educacional Faculdades Metropolitana Unidas, Veterinária, Rua 
Ministro Nelson Hungria, 541, Real Parque, Morumbi, São Paulo, SP, Brazil. 

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 10 June 2017   Accepted: 10 October 2017

References
 1. Pensaert MB, de Bouck P (1978) A new coronavirus-like particle associ-

ated with diarrhea in swine. Arch Virol 58:243–247
 2. Pensaert MB, Martelli P (2016) Porcine epidemic diarrhea: a retrospect 

from Europe and matters of debate. Virus Res 226:1–6
 3. Song D, Park B (2012) Porcine epidemic diarrhoea virus: a comprehensive 

review of molecular epidemiology, diagnosis, and vaccines. Virus Genes 
44:167–175

 4. Song D, Moon H, Kang B (2015) Porcine epidemic diarrhea: a review 
of current epidemiology and available vaccines. Clin Exp Vaccine Res 
4:166–176

 5. Stevenson GW, Hoang H, Schwartz KJ, Burrough ER, Sun D, Madson D, 
Cooper VL, Pillatzki A, Gauger P, Schmitt BJ, Koster LG, Killian ML, Yoon 
KJ (2013) Emergence of Porcine epidemic diarrhea virus in the United 
States: clinical signs, lesions, and viral genomic sequences. J Vet Diagn 
Invest 25:649–654

 6. Cima G (2014) PED virus reinfecting US herds. Virus estimated to have 
killed 7 million-plus pigs. J Am Vet Med Assoc 245:166–167

 7. Lee C (2015) Porcine epidemic diarrhea virus: an emerging and re-
emerging epizootic swine virus. Virol J 12:193

 8. Huang YW, Dickerman AW, Pineyro P, Li L, Fang L, Kiehne R, Opriessnig 
T, Meng XJ (2013) Origin, evolution, and genotyping of emergent 
porcine epidemic diarrhea virus strains in the United States. MBio 
4:e00737–e00813

 9. Dastjerdi A, Carr J, Ellis RJ, Steinbach F, Williamson S (2015) Porcine 
epidemic diarrhea virus among farmed pigs, Ukraine. Emerg Infect Dis 
21:2235–2237

 10. Chen Q, Gauger PC, Stafne MR, Thomas JT, Madson DM, Huang H, Zheng 
Y, Li G, Zhang J (2016) Pathogenesis comparison between the United 
States porcine epidemic diarrhoea virus prototype and S-INDEL-variant 
strains in conventional neonatal piglets. J Gen Virol 97:1107–1121

 11. Yamamoto R, Soma J, Nakanishi M, Yamaguchi R, Niinuma S (2015) 
Isolation and experimental inoculation of an S INDEL strain of porcine 
epidemic diarrhea virus in Japan. Res Vet Sci 103:103–106

 12. Lin CM, Annamalai T, Liu X, Gao X, Lu Z, El-Tholoth M, Hu H, Saif LJ, Wang 
Q (2015) Experimental infection of a US spike-insertion deletion porcine 
epidemic diarrhea virus in conventional nursing piglets and cross-protec-
tion to the original US PEDV infection. Vet Res 46:134

 13. Langel SN, Paim FC, Lager KM, Vlasova AN, Saif LJ (2016) Lactogenic 
immunity and vaccines for porcine epidemic diarrhea virus (PEDV): 
historical and current concepts. Virus Res 226:93–107

 14. Crawford K, Lager KM, Kulshreshtha V, Miller LC, Faaberg KS (2016) Status 
of vaccines for porcine epidemic diarrhea virus in the United States and 
Canada. Virus Res 226:108–116

 15. Chen Q, Thomas JT, Gimenez-Lirola LG, Hardham JM, Gao Q, Gerber PF, 
Opriessnig T, Zheng Y, Li G, Gauger PC, Madson DM, Magstadt DR, Zhang 
J (2016) Evaluation of serological cross-reactivity and cross-neutralization 
between the United States porcine epidemic diarrhea virus prototype 
and S-INDEL-variant strains. BMC Vet Res 12:70

 16. Chen Q, Li G, Stasko J, Thomas JT, Stensland WR, Pillatzki AE, Gauger PC, 
Schwartz KJ, Madson D, Yoon KJ, Stevenson GW, Burrough ER, Harmon 

KM, Main RG, Zhang J (2014) Isolation and characterization of porcine 
epidemic diarrhea viruses associated with the 2013 disease outbreak 
among swine in the United States. J Clin Microbiol 52:234–243

 17. Gerber PF, Gong Q, Huang YW, Wang C, Holtkamp D, Opriessnig T (2014) 
Detection of antibodies against porcine epidemic diarrhea virus in serum 
and colostrum by indirect ELISA. Vet J 202:33–36

 18. Gerber PF, Opriessnig T (2015) Detection of immunoglobulin (Ig) A anti-
bodies against porcine epidemic diarrhea virus (PEDV) in fecal and serum 
samples. MethodsX 13:368–373

 19. Opriessnig T, Xiao CT, Gerber PF, Zhang J, Halbur PG (2014) Porcine 
epidemic diarrhea virus RNA present in commercial spray-dried porcine 
plasma is not infectious to naive pigs. PLoS One 9:e104766

 20. Kim O, Chae C, Kweon CH (1999) Monoclonal antibody-based immuno-
histochemical detection of porcine epidemic diarrhea virus antigen in 
formalin-fixed, paraffin-embedded intestinal tissues. J Vet Diagn Invest 
11:458–462

 21. Collin EA, Anbalagan S, Okda F, Batman R, Nelson E, Hause BM (2015) An 
inactivated vaccine made from a US field isolate of porcine epidemic 
disease virus is immunogenic in pigs as demonstrated by a dose-titration. 
BMC Vet Res 11:62

 22. Chattha KS, Roth JA, Saif LJ (2015) Strategies for design and application of 
enteric viral vaccines. Annu Rev Anim Biosci 3:375–395

 23. Renukaradhya GJ, Meng XJ, Calvert JG, Roof M, Lager KM (2015) Inacti-
vated and subunit vaccines against porcine reproductive and respiratory 
syndrome: current status and future direction. Vaccine 33:3065–3072

 24. Paudel S, Park JE, Jang H, Shin HJ (2014) Comparison of serum neutraliza-
tion and enzyme-linked immunosorbent assay on sera from porcine 
epidemic diarrhea virus vaccinated pigs. Vet Q 34:218–223

 25. Crawford K, Lager K, Miller L, Opriessnig T, Gerber P, Hesse R (2015) Evalu-
ation of porcine epidemic diarrhea virus transmission and the immune 
response in growing pigs. Vet Res 46:49

 26. de Arriba ML, Carvajal A, Pozo J, Rubio P (2002) Mucosal and systemic 
isotype-specific antibody responses and protection in conventional pigs 
exposed to virulent or attenuated porcine epidemic diarrhoea virus. Vet 
Immunol Immunopathol 85:85–97

 27. Lin H, Chen L, Gao L, Yuan X, Ma Z, Fan H (2016) Epidemic strain YC2014 
of porcine epidemic diarrhea virus could provide piglets against homolo-
gous challenge. Virol J 13:68

 28. Goede D, Murtaugh MP, Nerem J, Yeske P, Rossow K, Morrison R (2015) 
Previous infection of sows with a “mild” strain of porcine epidemic diar-
rhea virus confers protection against infection with a “severe” strain. Vet 
Microbiol 176:161–164


	Evaluation of the efficacy of a commercial inactivated genogroup 2b-based porcine epidemic diarrhea virus (PEDV) vaccine and experimental live genogroup 1b exposure against 2b challenge
	Abstract 
	Introduction
	Materials and methods
	Ethical statement
	Animals, housing, and experimental design
	Vaccination
	Challenge
	Average daily weight gain and clinical observations
	Serology
	RNA extraction, detection and quantification of PEDV RNA
	Necropsy
	Histopathology and immunohistochemistry
	Statistical analysis

	Results
	Clinical observation and average daily weight gain (ADG)
	Anti-PEDV IgG and neutralizing antibody levels in serum samples
	Anti-PEDV IgA antibody levels in serum and fecal samples
	Prevalence and amount of PEDV RNA in rectal swabs and serum samples
	Gross lesions
	Microscopic lesions and PEDV antigen in tissues

	Discussion
	Competing interests
	References




