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Abstract 

 

Development and evaluation of a new attenuated oral vaccine 

with a highly virulent porcine epidemic diarrhea virus 

genotype 2b 
 

 

Hokeun Won 

 

(Supervisor: Han Sang Yoo, D.V.M., Ph.D) 

 

Department of Veterinary Medicine 

The Graduate School 

Seoul National University 

 

 

Porcine epidemic diarrhea (PED) is a highly contagious and fatal swine disease, 

resulting in watery diarrhea, vomiting, severe dehydration and significant high 

mortality, especially in newborn piglets. PED was initially recognized in Europe in 

1971, but there were no significant economic losses and it was only a problem in 

Asian pig-farming countries. However, since the emergence of new genotypes of 

PED in the USA in 2013, PED quickly spread to Asian and European countries as 

well as neighboring countries, causing significant economic losses and tremendous 

threat to the global swine industries. As new variants of the porcine epidemic 
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diarrhea virus (PEDV) are prevalent around the world, there is still much debate 

around preventive measures against the disease, especially regarding the PED 

vaccine, making the vaccination of PED more confusing. 

The first step of this study was to analyze the efficacy of the PED vaccine in 

published articles using a systematic review and meta-analysis. The review and 

analysis indicated that PED vaccination had an effect on the control of the disease 

regardless of vaccine types and administration routes. However, live attenuated 

vaccines and oral route of administration tended to have a larger effect size than 

others. These results suggest that oral administration with live attenuated vaccines 

might be more effective for PED control. 

As a second step, a new vaccine strain, genotype 2b PEDV (KNU-141112-S 

DEL5/ORF3), was developed by serial passages of a highly virulent Korean isolate 

of PEDV and evaluated based on the safety and efficacy of the strain in piglets. 

Reverse of the virulence of the vaccine strain was not detected during five back 

passages in piglets. Vaccination with the strain significantly reduced clinical signs 

such as the diarrhea, fecal shedding of PEDV and death in the challenge test. All 

piglets in the non-vaccinated group died. In addition, high-titer PEDV antibody was 

detected in the sera and colostrum of immunized sows and in the sera of their 

offspring. These results suggested that the attenuated KNU-141112-S DEL5/ORF3 

strain might be suitable as an effective primary live vaccine strain. 

As the final step, the efficacy of the PED vaccine with the new strain was evaluated 

in field trials. The possibility of recombination of the vaccine virus and field viruses 
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on the farm was eliminated by in vitro and in vivo coinfection tests, showing no 

recombination between the two viruses. In the safety and efficacy tests evaluated at 

3 pig farms, any abnormalities and clinical signs related with PED were not observed 

in vaccinated gilts. Vaccine virus was also not detected in fecal samples. The high 

titers of PEDV-specific neutralizing antibody were elicited in the vaccinated gilts 

and sows and the antibodies were transferred to the piglets at a level similar. Results 

from field trials elucidated that a newly developed vaccine with the highly virulent 

Korean isolate of PEDV might be used as an effective control measure for PED. 

Conclusively, previous studies indicate that oral administration of live attenuated 

virus as a vaccine seems to be more effective to control PED in terms of survival 

rates and fecal scores. Based on the scientific suggestions and current situation in the 

PED epidemic, a new vaccine strain, KNU-141112-S DEL5/ORF3, was developed 

by serial passage of a highly virulent PEDV Korean isolate and its safety and efficacy 

were evaluated in piglets. After the evaluation, a vaccine was produced with the 

strain and field efficacy of the vaccine was evaluated. Results from these studies 

indicated the potential of the vaccine as an effective control measure for PED. 
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General Introduction 

 

 

PED is a highly contagious and fatal disease that causes watery diarrhea, vomiting, 

severe dehydration and high mortality rates in newborn piglets (Lee, 2015; Saif et 

al., 2019). PEDV of the causative agent of PED is a large, enveloped virus containing 

a single-stranded positive-sense RNA genome of approximately 28 kb in length with 

a 5′ cap and a 3′ polyadenylated tail (Kocherhans et al., 2001; Saif et al., 2019), and 

is a member of the genus Alphacoronavirus, belonging to in the family 

Coronaviridae of the order Nidovirales (Gorbalenya et al., 2006; Lee, 2015). PEDV 

can be phylogenetically divided into genogroup 1 (G1) and genogroup 2 (G2). G1 

PEDV with low pathogenicity is subdivided into G1a classical strain and G1b 

recombinant strain and G2 PEDV with high pathogenicity is also subdivided into 

G2a field epidemic strain and G2b pandemic strain (Lee, 2015; Lee et al., 2010; Lee 

and Lee, 2014; Oh et al., 2014). 

 

Since it was first recognized in England in 1971, PEDV has spread to several pork-

producing areas, causing significant economic losses to the swine industry (Pensaert 

and Martelli, 2016; Song et al., 2015b; Stevenson et al., 2013). In Asia, the virus was 

first detected in Japan in 1982 and continuously reported in neighboring countries, 

including South Korea, China and Thailand (Kweon et al., 1993; Srinuntapunt et al., 
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1995; Takahashi et al., 1983; Xuan et al., 1984). In North America, PEDV was first 

introduced in the US in 2013 and subsequently spread to Canada and Mexico (Chen 

et al., 2014; Crawford et al., 2016; Kochhar, 2014; Stevenson et al., 2013). The 

highly virulent US-like strains almost simultaneously invaded Asian countries, 

including South Korea, Taiwan and Japan, resulting in a massive nationwide PED 

epizootic recurrence (Lee and Lee, 2014; Lin et al., 2014; Suzuki et al., 2015; 

Temeeyasen et al., 2014). Furthermore, the independent re-emergence of 

recombinant G1b or pandemic G2b PEDV has been reported in multiple countries in 

Western and Central Europe since 2014 (Boniotti et al., 2016; Dastjerdi et al., 2015; 

Grasland et al., 2015; Hanke et al., 2015; Mesquita et al., 2015; Steinrigl et al., 2015; 

Theuns et al., 2015). In South Korea, although all four sub-genotypes of PEDV have 

been reported, the current dominant epidemic strains are mostly G2b PEDV (Lee et 

al., 2014a; Lee and Lee, 2017; Lee and Lee, 2018). The epidemiological status of 

PED indicated continuous genetic evolution from low virulent to high virulent 

variants through global circulation of the causative virus. 

 

Continuous genetic changes in the virus caused global disaster in the pig industry 

due to the absence of cross-protection with classical vaccines to emerging strains. 

Classical vaccines with PEDV G1a failed to defend against emerging virulent strains 

due to incomplete cross-protection of two genetic clusters (Opriessnig et al., 2017; 

Sato et al., 2018; Song et al., 2015b). The effects of parenteral vaccination with killed 

vaccines in PEDV-naïve sows on immune response and preweaning mortality might 
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also be limited (Crawford et al., 2016; Langel et al., 2016; Schwartz et al., 2015). 

Moreover, it has been found that the oral administration of live attenuated vaccines 

can induce a sufficient lactogenic immune response against PEDV in naïve pigs and 

is thus more effective for PEDV-naïve sows (Chattha et al., 2015; Langel et al., 

2016). 

 

Those field situations for PED indicated the need for the development of new 

vaccines against emerging PEDV to effectively control PED. Therefore, 

development of a PED vaccine has been conducted based on the intensive review of 

the current epidemiological status of PED and knowledge of PEDV.  

In this study, in order to review the efficacy of PED vaccines currently being 

developed or marketed, the efficacy of the PED vaccine was analyzed through 

systematic reviews and meta-analysis of articles on the PED vaccine, which are 

published to date. Based on knowledge from those studies, a new live attenuated 

vaccine strain, KNU-141112-S DEL5/ORF3, was developed by continuous passage 

of highly virulent PEDV G2b Korean isolate in the Vero cells and the safety and 

efficacy of the strain were evaluated. Subsequently, the safety and efficacy of a 

manufactured live oral vaccine with the live attenuated PEDV strain were evaluated 

through field trials. These studies were conducted to develop an effective control 

measure against PED in the field. 
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Chapter I. 

 

Literature Review 
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1. Porcine epidemic diarrhea 

 

History  

 

The outbreak of an unrecognized enteric disease on some swine farms was first 

reported in the United Kingdom in 1971 (Oldham, 1972). The main clinical 

symptoms of this new enteritis characterized by acute watery diarrhea in feeder pigs, 

fattening pigs and sows were similar to those of transmissible gastroenteritis (TGE). 

This disease had been called TOO, which stands for the other one, or TGE2. Unlike 

transmissible gastroenteritis virus (TGEV), however, neonatal pigs were not affected 

and only older animals were infected by this virus, so the name of new enteric disease 

was changed to epidemic diarrhea (ED) (Chasey and Cartwright, 1978; Wood, 1977). 

In 1972, ED spread rapidly between pig farms, particularly fattening herds, and 

mortality was rare. A similar disease pattern was observed during the early seventies 

in Belgium and a rapid spread occurred to neighboring countries in Western Europe. 

In 1976, a new diarrheic syndrome was reported by the Veterinary Investigation 

Centre in Norwich, England (Wood, 1977). It differs from ED in that pigs of all ages 

are affected, including neonatal and suckling pigs. Mortality was variable, confined 

to young piglets and averaged about 30%. This new disease was named ED2 to 

differentiate it from the ED in 1971, where no baby pigs were involved. ED2 also 

spread rapidly to Europe and was recognized in 1977 in Belgium. It was soon 

followed by other countries, including the Netherlands, Germany, France, Bulgaria, 
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Hungary and Switzerland. In 1978, an isolation of a novel porcine coronavirus 

named CV777 was reported from a Belgium breeding farm (Pensaert and de Bouck, 

1978). CV777 has been shown to cause watery diarrhea similar to TGEV and 

rotavirus-induced clinical diseases, but the virus was distinguished from other 

porcine coronaviruses, TGEV and hemagglutinating encephalomyelitis virus 

(Pensaert and de Bouck, 1978). Afterward, the virus name was changed to PED and 

the viral sequence of CV777 was determined (Duarte and Laude, 1994; Duarte et al., 

1994). 

 

 

Etiology  

 

PEDV belongings to in the family Coronaviridae of the order Nidovirales. Based on 

genomic analysis, the Coronaviridae family can be divided into four genera: 

Alphacoronavirus, Betacoronavirus, Gammacoronavirus and Deltacoronavirus 

(Jung and Saif, 2015). PEDV is a member of the genus Alphacoronavirus along with 

other coronaviruses that infect pigs, TGEV and porcine respiratory coronavirus. 

PEDV can infect pigs of all ages and causes acute and watery diarrhea, vomiting, 

dehydration and high mortality in neonatal piglets (Saif et al., 2019). 

PEDV is a large, enveloped virus possessing a 5′ capped, single-stranded positive-

sense RNA genome (Saif et al., 2019). The PEDV genome is approximately 28 kb 

in length with a 5' cap and a 3' polyadenylated tail, and consists of at least seven open 
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reading frames (ORFs) that encode four structural proteins and three non-structural 

proteins (nsp), in the following order; 5'untranslated region-ORF1a-ORF1b-S-

ORF3-E-M-N-3' UTR (Kocherhans et al., 2001). The four structural proteins include 

the 150-220 kDa glycosylated spike (S) protein, the 20–30 kDa membrane (M) 

protein, the 7 kDa envelope (E) protein and the 58 kDa nucleocapsid (N) protein, 

and one accessory gene is ORF3, which is located between the structural genes (Fig. 

1) (Lee, 2015; Saif et al., 2019; Song and Park, 2012). 

The PEDV S protein is a major type I membrane glycoprotein, containing a signal 

peptide, neutralizing epitopes, a transmembrane domain and a short cytoplasmic 

domain. The S protein can be divided into S1 and S2 subdomains based on its 

homology with S proteins of other coronaviruses (Lee, 2015; Song and Park, 2012). 

The S protein also plays an important role in infection by interacting with its cellular 

receptor to mediate viral entry and inducing neutralizing antibodies in its host 

(Sekhon et al., 2016; Song and Park, 2012). Thus, the PEDV S glycoprotein is an 

appropriate target viral gene for developing diagnostic assays and effective vaccines 

(Gerber et al., 2014b; Oh et al., 2014).  

The M protein is the most abundant component of the coronavirus envelope, plays 

an important role in virus assembly and can elicit production of protective antibodies 

with virus-neutralizing activity (de Haan et al., 2000; Zhang et al., 2012). 

The E protein is known as a small, hydrophobic transmembrane protein (Sekhon et 

al., 2016) and plays an important role during coronavirus budding, and co-expression 

of E and M proteins can form spike-less coronavirus-like virions (Baudoux et al., 
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1998). 

The N protein is a phosphoprotein that is associated with the genome and indicates 

a basic structure for the helical nucleocapsid. The N protein has multiple functions 

in viral replication and pathogenesis in corona virology (McBride et al., 2014). The 

PEDV N protein also perturbs antiviral responses by antagonizing interferon 

production as part of the immune evasion strategy, and activates NF-kB signaling 

(Ding et al., 2014; Xu et al., 2013). 

The ORF3 is the only PEDV accessory gene and acts as an ion channel that 

influences virus reproduction and virulence (Wang et al., 2012). Furthermore, a large 

deletion in the ORF3 region is present in attenuated or live vaccine strains (Park et 

al., 2008; Wang et al., 2012). 

 

 

Epidemiology 

 

Europe 

In the 2000s, a typical epidemic PEDV emerged in Italy among pigs of all ages in 

2006 (Martelli et al., 2008) and a PED outbreak on a German fattening farm was 

reported in 2014 (Hanke et al., 2015). Subsequently, PED was confirmed in a 

farrowing-finishing herd in France and in a fattening farm in Belgium (Grasland et 

al., 2015; Theuns et al., 2015). These PEDV strains were shown to be almost 
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genetically homologous to each other, and most closely resemble the G1b variants, 

the OH851 based on whole-genome sequencing (Hanke et al., 2015). Around that 

time, highly virulent PED outbreaks in the Ukraine occurred and the isolates were 

phylogenetically grouped with US strain G2b (Dastjerdi et al., 2015). Recently, 

Karte et al. reported re-emergence of PEDV in a piglet-producing farm in Germany, 

showing mortality of between 5 and 10% in piglets and morbidity up to 90–100% in 

sows and piglets (Karte et al., 2020). Also, comparisons between German prototype 

strains from 2014 and 2019 showed high similarities in the nucleotide sequence 

(Karte et al., 2020). 

 

America 

PED did not exist in the United States until it emerged in Ohio in 2013. After that 

time, PEDV spread rapidly to pig farms across the US and resulted in significant 

economic losses (Stevenson et al., 2013). The emergent PEDV strains revealed a 

close relationship with the AH2012 strain isolated in 2012 from Anhui Province in 

China following genetic and phylogenetic analyses (Huang et al., 2013; Stevenson 

et al., 2013). Recent studies suggested that the emerging US PEDV strains could 

have originated by recombination from two Chinese strains, AH2012 and 

CH/ZMDZY/11, in the G2b sublineage (Tian et al., 2014). It was also confirmed that 

the US PEDV was responsible for severe PED outbreaks in Korea, Taiwan and Japan 

(Diep et al., 2017; Lee and Lee, 2014; Lin et al., 2014). Another PEDV, OH851 

strain, belonging to genotype G1b, was subsequently reported in Ohio in January 
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2014 (Wang et al., 2014a). The virus was phylogenetically clustered closely to novel 

Chinese strains HBQX/2010 in the G1b subgroup (Wang et al., 2014a). A 

retrospective study found that the US variants were already present in June 2013, 

indicating a possibility that multiple parental PEDV strains were introduced into the 

US at approximately the same time (Vlasova et al., 2014) . 

Additionally, PED outbreaks have been reported in other countries in North, Central 

and South America, including Mexico, Peru and the Dominican Republic in 2013 

and Canada, Columbia and Ecuador in 2014 (Song et al., 2015b). 

 

Asia 

The first PED outbreak occurred in Japan in 1982, followed by a PED outbreak in 

neighboring countries such as China and Korea, causing significant economic losses 

in the swine industry (Jinghui and Yijing, 2005; Kweon et al., 1993; Takahashi et al., 

1983). Until 2010, PED outbreaks were intermittent with only a limited number of 

incidents. In 2012, PEDV variants in the G1b genogroup were identified in China 

(Li et al., 2012), followed by severe PEDV epidemics in various regions of China. 

The current PED outbreaks in China are both G1b variants and field epidemic G2 

strains (Sun et al., 2012; Tian et al., 2014; Zhang et al., 2019). A PED outbreak was 

reported in Thailand, Vietnam and Taiwan in the late 2000s and became increasingly 

problematic (Duy et al., 2011; Lin et al., 2014; Puranaveja et al., 2009). PEDV 

occurring in Thailand were placed in the cluster adjoining Korean and Chinese 

strains in the G2a or G2b subgroup (Temeeyasen et al., 2014). In Vietnam, PED was 
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first observed in southern provinces and subsequently spread throughout all major 

swine-producing regions. All of the viruses were classified as the genogroup 2b 

consisting of various Chinese isolates (Duy et al., 2011; Vui et al., 2015). The 

incidence of PED in Taiwan and Japan was low until 2013, but there was a severe 

PED outbreak afterwards and the viruses identified in these countries 

phylogenetically belonged to the G2b strain (Diep et al., 2017; Lin et al., 2014). 

 

Korea 

In Korea, the first PED outbreak was recorded in 1992 (Kweon et al., 1993) and 

according to a retrospective study, PEDV already existed in 1987 (Park and Lee, 

1997). Subsequently, PED outbreaks were widespread and affected high piglet 

mortality and serious economic losses for the domestic pig industry until 2010. 

Serious PED epidemics have risen significantly since November 2013 and have 

spread through almost half of the pig farms across Korea. The PEDV isolates that 

reappear in Korea in 2013–2014 were grouped into a G2b group with emerging US 

PEDV strains closely clustered (Lee and Lee, 2014). In March 2014, new G1b PEDV 

isolates were found that were similar to those reported in China and the United States 

(Lee et al., 2014b). Recently, another new PEDV G2b variant with S-aa insertion in 

the S gene has been identified in a farm, which indicates that the virus is continuing 

to evolve (Lee and Lee, 2017). 

 

Emerging/reemerging PED 
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Although PED was prevalent in Europe in the early 1970s, it was not a major 

problem in Europe, but until the 2000s it had seriously affected Asian countries. A 

new type of PEDV emerged around 2010 and spread rapidly throughout the world 

for a short period of time after the outbreak in the United States in 2013. These 

emerging/re-emerging PEDV have caused significant economic losses to the global 

pig industry and continuously identified mutants and recombinant isolates (Fig. 2). 

Mutations or insertions/deletions in the S gene have been shown to alter viral 

pathogenicity and tissue/species tropism (Sato et al., 2011). The emerging PEDV 

strains are further divided into subgroups "non-S INDEL" (mainly highly virulent) 

and "S INDEL" (Fig. 3). S INDEL strains contain insertions and deletions similar to 

classical PEDV strains in the S1 subunit of the S protein (Vlasova et al., 2014). 

PEDV strains also could be classified by genogroup. Phylogenetic studies of the S 

gene indicated that PEDV were genetically divided into two clusters of genogroups, 

G1 and G2, further divided into subgroups G1a and G1b and G2a and G2b 

respectively. G1a includes the prototype CV777 and some vaccine strains and G1b 

contains new variants that were identified in China (Li et al., 2012), USA (Wang et 

al., 2014b), Korea (Lee et al., 2014b) and European countries (Grasland et al., 2015; 

Hanke et al., 2015; Theuns et al., 2015). G2 comprises global field isolates, which 

are clustered into G2a and G2b subgroups responsible for the past regional epidemics 

in Asia, and for the 2013–2014 pandemics and current outbreaks in the American 

and Asian continents, respectively (Fig. 4). 
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Lee (Lee, 2015) suggested potential transmission routes for emerging PEDV, which 

has recently become a global epidemic (Fig. 5). Due to careless use of cell-adapted 

vaccine strains or illegal imports of Korean attenuated live vaccines, the classical 

G1a isolates might have emerged in China. The South Korean strains of epidemic 

G2a might have been initially introduced into China. Later, Chinese G2a viruses 

were transmitted to Southeast Asian countries, including Thailand and Vietnam. In 

these countries, it is also possible that G2a strains may have been directly transported 

from South Korea. In China, novel classical G1b and pandemic G2b strains appear 

to have occurred simultaneously between the end of 2010 and the beginning of 2011, 

likely via recombination between local G1a and G2a strains or point mutations in 

resident G2a viruses. These strains were probably introduced into the United States 

by coincidence. US-like strains of G1b and G2b arrived in South Korea later on. 

Additionally, US-like G2b viruses spread to other North American countries such as 

Canada and Mexico and also to Asian countries including Taiwan, Japan, Thailand 

and Vietnam. 

 

 

Transmission 

 

PEDV is stable under low temperatures and survives between pH 5.0~9.0 at 4°C 

while only between pH 6.5~7.5 at 37°C. It can survive for at least 28 days in slurry 

at 4°C, 7 days in contaminated dry feed at 25°C or 14 days in contaminated wet feed 
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at 25°C (EFSA_Panel_on_Animal_Health_Welfare(AHAW), 2014). Viral shedding 

in feces starts on day 1 or 2 of post-infection and continues for 7 to 10 days, 

depending on experimental conditions (Song et al., 2006), although it can last up to 

36 weeks in some animals (Crawford et al., 2015; Madson et al., 2014). 

The spread of PEDV in pigs or between farms occurs through the feces and/or 

vomitus of infected pigs via a direct or indirect fecal-oral pathway (Jung and Saif, 

2015; Kim et al., 2017). Indirect transmission of PEDV is also frequent through other 

contaminated fomites within and between farms, including transport trailers (Lowe 

et al., 2014), hands of farm workers, boots and clothing (Kim et al., 2017), feed 

(Bowman et al., 2015a), feed ingredients and additives, such as spray-dried porcine 

plasma (Pasick et al., 2014). The fecal-nasal route is another airborne transmission 

of PEDV by aerosolized PEDV particles. It may also play a role in the dissemination 

of PEDV under certain conditions (Alonso et al., 2014; Li et al., 2018b). Aerosolized 

PEDV can infect the intestine of pigs (Alonso et al., 2014) and the epithelium lining 

the nasal cavity (Li et al., 2018b). However, in order to infect weaned and older pigs, 

higher doses of aerosolized PEDV may be required (Niederwerder et al., 2016). 

 

 

Clinical signs  

 

The severity of clinical symptoms of PED depends heavily on the age of the animals 

infected, although it can infect pigs of all ages (Shibata et al., 2000). Piglet morbidity 
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reaches 100%, but may be different in adult pigs (Saif et al., 2019). The period 

between the onset and termination of clinical symptoms is three to four weeks (Jung 

et al., 2014; Lee, 2015; Saif et al., 2019). PEDV infection in neonatal piglets up to 1 

week of age results in severe diarrhea and vomiting for 3~4 days, followed by 

extensive dehydration and electrolyte imbalance, eventually leading to death. 

Mortality of PED depends highly on the age of the animals affected. Mortality can 

reach up to 80–100% in suckling piglets of less than one week old, while in weaned 

pigs it is typically only 1 to 3% (Martelli et al., 2008; Stevenson et al., 2013). No 

PED-related mortality among adult pigs is usually observed. Sows may not show 

diarrhea, but often have depression and anorexia. If sows lose their offspring, they 

may suffer from reproductive disorders such as agalactia, delayed estrus or reduced 

pregnancy rate and litter size. Fecal shedding of PEDV can be detected within 

48 hours post infection and may last for up to four weeks (Lee, 2015). 

 

 

Pathogenesis 

 

PED pathogenesis is related to the age of pigs at the time of infection, virus strain 

virulence, inoculation routes and quantities (Saif et al., 2019). PEDV is cytolytic and 

the infected enterocytes undergo acute necrosis rapidly, leading to marked villous 

atrophy in the small intestine (Jung et al., 2014). PEDV antigens are mainly observed 

in small villous enterocytes (duodenum to ileum) and large intestines (Debouck et 
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al., 1981; Jung et al., 2014; Madson et al., 2014). 

Porcine small intestinal villous enterocytes express large amounts of aminopeptidase 

N (APN), a 150-kDa glycosylated transmembrane protein identified as a PEDV 

cellular receptor (Li et al., 2007). PEDV binds and infects enterocytes that express 

APN. High receptor density on enterocytes allows PEDV to enter and replicate 

through virus-receptor interactions (Li et al., 2007). Moderate to large numbers of 

PEDV antigen-positive cells were observed throughout the small and large intestine 

from the acute stage to mid-stage (24–60 hours after the onset of clinical signs) of 

infection, often affecting the entire villous epithelium (Debouck et al., 1981). A large 

number of PEDV-infected epithelial cells were still observed during the later stage 

of infection (>72 hours after onset of clinical signs), indicating PEDV re-infection 

of regenerating enterocytes (Debouck et al., 1981). PEDV-induced diarrhea is a 

consequence of malabsorption due to a massive loss of absorptive enterocytes. 

Malabsorptive diarrhea is also contributed by functional disorders of infected 

enterocytes. Ultrastructural changes and mild vacuolation in infected colonic 

epithelial cells may interfere with the vital reabsorption of water and electrolytes 

(Ducatelle et al., 1982). 

Although the reasons why PEDV is more severe in nursing piglets compared to 

weaned pigs have not been clearly demonstrated, a significant factor may be slower 

enterocyte regeneration in neonatal pigs (Moon et al., 1973). PEDV infection 

increases the number of crypto stem cells and the proliferation of crypto cells, 

leading to the accelerated regeneration of epithelial cells (Jung and Saif, 2015). In 
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normal nursing piglets, the rate of enterocyte turnover was slower than in weaned 

pigs, suggesting that the rate of crypto stem cell replacement appears to be associated 

with age-dependent PED resistance (Jung and Saif, 2015). 

 

 

Lesions 

 

Gross lesions are characterized by thin and transparent intestinal walls with the 

accumulation of yellowish fluids in the intestinal lumen and the stomach is filled 

with undigested milk curd (Jung et al., 2014; Lee et al., 2015; Stevenson et al., 2013). 

The stomach is filled with curdled milk, possibly due to decreased intestinal 

peristalsis. Mesenteric vessel congestion is frequently found, and mesenteric lymph 

nodes (MLN) are edematous. Intestinal lacteal deficiency is often observed as an 

indicator of malabsorption (Puranaveja et al., 2009).  

Histological lesions include acute diffuse, severe atrophic enteritis and mild 

vacuolation of superficial epithelial cells and subepithelial edema in the cecum and 

colon, necrosis of scattered enterocytes followed by sloughing, and contraction of 

the subjacent villous lamina propria containing apoptotic cells (Debouck et al., 1981; 

Jung et al., 2014; Sueyoshi et al., 1995). The intestinal villi are reduced to two-thirds 

or less of their original length, with the extent of the pathology depending on the 

stage of infection or disease (Debouck et al., 1981; Jung et al., 2014). Vacuolated 

enterocytes or massive cell exfoliation were observed on the tips or entire villi in the 
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jejunum during acute infection. Atrophied villi are often fused and covered with a 

flattened epithelium that is degenerated or regenerated. In the lamina propria, 

infiltration of inflammatory cells is evident. The crypts of Lieberkuhn in the 

duodenum appeared normal (Debouck et al., 1981). No lesions were observed in 

spleen, liver, lung, kidney and mesenteric lymph nodes of oral and/or intranasally 

infected piglets (Debouck et al., 1981). 

 

 

Diagnostic procedure 

 

Diagnosis of PED is not feasible on the basis of clinical symptoms and lesions since 

diarrhea by PEDV cannot be distinguished clinically and pathologically from 

porcine enteric coronaviral diarrheas (Ducatelle et al., 1982; Haelterman, 1972; Ma 

et al., 2015). Therefore, differential diagnosis must be carried out in the diagnostic 

laboratory in order to determine the existence of PEDV. Several virological 

techniques have been used in the laboratories, including virus isolation, enzyme-

linked immunosorbent assays (ELISA), immunohistochemistry, electron microscopy 

and reverse-transcription polymerase chain reaction (RT-PCR) techniques. Among 

these various approaches, the most commonly used for PEDV diagnosis are 

conventional and real-time RT-PCR methods. Nucleotide sequencing of the S gene 

of PEDV may also be useful for determining the genotype of PEDV (Lee, 2015). 

For the detection of PEDV antibodies, serological tests like virus neutralization (VN), 
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indirect fluorescent antibody (IFA) and indirect ELISA tests are used for the 

epidemiological information or immunity levels to the virus after sow vaccination. 

The VN test could be essential for estimating levels of protective antibodies that 

piglets would receive from sows. The test, however, is time-consuming and cannot 

selectively detect secretory IgA antibodies representing mucosal immunity (Lee, 

2015). In comparison, IFA and the ELISA methods are equally specific but less time-

consuming and simpler to perform than the VN test. The whole virus-based IFA and 

ELISA tests could be unsuitable for evaluating the protective neutralizing antibody 

because they also detect other antibodies against virion components like M or N 

proteins. On the other hand, as the S protein of PEDV contains the potential receptor-

binding region and main neutralizing epitopes, the S or S1 protein could be suitable 

for viral antigens used in ELISA (Sun et al., 2007). Therefore, VN and S1-based 

ELISA methods are recommended to assess the protective capacity of sows in their 

colostrum and milk. 

 

 

Control and prevention 

 

Strict biosecurity such as decontamination and disinfection of potential contaminants 

and maintenance of strong hygiene measures is an important process for the 

prevention and management of PED outbreaks, reducing the chances of the virus 

entering pig farms (Kim et al., 2017; Niederwerder and Hesse, 2018). Use of 
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commercialized disinfectants that reduced the quantity of PEDV RNA were a good 

procedure for PEDV inactivation in feces (Bowman et al., 2015b). Generally, the 

recommended disinfection methods are as follow; proper cleaning using high-

pressure hot water; disinfection with an appropriate disinfectant; and overnight 

drying (Lee, 2015; Park and Lee, 2009).  

Immunization of pregnant sows is crucial in the management of the PED epidemic 

and in reducing the number of deaths of suckling piglets (Jung and Saif, 2015; Langel 

et al., 2016). Feedback is one of the immunization approaches, but there is no 

standardized feedback protocol for any form of pig production system that has the 

most reliable and highest efficacy (Jung et al., 2020; Niederwerder and Hesse, 2018). 

Sows can be exposed to virulent autogenous virus using fecal slurry or minced 

intestines from infected neonatal piglets (Jung and Saif, 2015). There is a possible 

risk of incidental widespread infection by vertical routes of transmission of other 

pathogenic viruses, such as PCV2, contained in the feces or intestines of PEDV-

infected piglets among sows or their suckling piglets (Jung and Saif, 2015). As the 

quantity of infectious PEDV is immeasurable in autogenic viral materials, sow 

immunity may not be adequately induced to be sufficient for the protection of the 

offspring. In addition, infectious viruses resulting from artificial exposure to sows 

may be shed in feces or oral fluids, and could be a potential source of PEDV 

transmission between piglets or farms (Lee, 2015). 

The other immunization approach is a vaccination for pregnant sows or gilts. 

Newborn piglets rely solely on the transmission of maternal antibodies from 
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immunized sows through colostrum and milk to protect them. The development of 

PEDV vaccines was mainly conducted in Asian countries. Vaccination has been used 

for many years in this region and killed and live attenuated vaccines were licensed 

(Table 1). The first PED vaccine was a live attenuated vaccine officially approved 

for the first time in 1994 in Korea. Since then, live attenuated vaccines were widely 

used in several Asian countries. In the case of the highly virulent G2b PEDV vaccine, 

the killed vaccine was first used in the US in 2014 and the live attenuated vaccine 

was commercialized in Korea in 2020. 

PED is a highly contagious and economically important disease on pig farms. Strict 

hygiene and biosecurity are essential to prevent viruses from entering the farms. In 

addition, lactogenic immunity must be provided through the sows to protect neonate 

piglets. Therefore, the combination of these measures can be used as an ideal tool 

for the prevention and control of PED. 

 

 

2. Meta-analysis 

 

Scientific literature review articles are methodological studies that use database 

searches to retrieve the results of research, and have as their main goal the objective 

and theoretical discussion of a specific topic or theme. Two main types of review 

articles are commonly found in the scientific literature: systematic and narrative 

literature review. Narrative literature review articles are publications that describe 
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and discuss the state of the science of a particular topic or theme from a theoretical 

and contextual point of view. The types of databases and methodological approaches 

used to conduct the review or the evaluation criteria for the inclusion of retrieved 

articles during database searches do not list these types of review articles (Lee, 2019). 

However, a systemic literature review is a well-planned review that uses a systematic 

and clear approach to classify, pick and critically analyze the findings of the studies 

included in the literature review to address specific research questions (Enferm, 

2007). 

There is sometimes confusion between systematic review and meta-analysis. By 

collecting all available studies related to that question and reviewing and analyzing 

their results, a systematic review is an objective, reproducible method for finding 

answers to a particular research question. A meta-analysis differs from a systematic 

review in that a pooled estimate is formed using statistical methods on estimates 

from two or more different studies (Kang, 2015). Systematic reviews and meta-

analyses are usually carried out in accordance with the flow chart presented in Fig. 

6 (Egger et al., 1997a). 

- Question: Create a well-defined question and define the terminology to be 

searched, and identify the type of material to be included and excluded from the 

review. 

- Search: Select a range of appropriate resources and perform a comprehensive 

search, and place references in the citation manager. 

- Assess: Subject collected studies to a focused review and exclude those that 
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do not comply with general guidelines for critical assessment. 

- Extract: Extract accurate data from included studies using extraction tools. 

- Analyze: Determine the validity of individual studies and compare and 

combine using statistical methods. 

- Report: Present the results of the review in a clear format, which could include 

a detailed methodology for the discovery and evaluation of the studies. 

Meta-analysis is controversial and may not always be the best tool to do that. Meta-

analysis has a number of advantages, along with some limitations, for which it has 

been criticized. The following are the advantages of meta-analysis (Bailar, 1997; 

Noble Jr, 2006). 1) Meta-analysis quantitatively measures the size of the effect and 

the uncertainty of the size of the effect. 2) By increasing the number of research 

subjects, statistical power and precision are increased, so that results that were not 

evident in small-scale studies can be analyzed more precisely. 3) The dispute 

between the individual results of the research can be resolved by clarifying the 

reasons for the heterogeneity between the studies and obtaining comprehensive, 

macroscopic, general and objective results. 4) New hypotheses can be provided 

based on integrated results. Meta-analysis, however, has the following limitations 

(Noble Jr, 2006). 1) Meta-analysis research results may be affected, including errors 

such as publication bias (Simes, 1987). 2) As a study targeting existing studies, the 

quality of existing studies has an effect. 3) There is criticism that it is a method of 

study by mixing apples and pears, as there is a tendency to simply group and analyze 

heterogeneous studies (Sharpe, 1997).  
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Research papers on systematic review and meta-analysis have been published on an 

ongoing basis in animal vaccine research. Among these, the most recently published 

articles are summarized in Table 2. 
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Table 1. Summary of commercial and conditionally licensed porcine epidemic diarrhea vaccines.  Vaccine type is monovalent, 
bivalent (PEDV and TGEV), and trivalent (PEDV, TGEV, and rotavirus). Table was updated from Lv et al. (2016). 

Year Type  Company, country Vaccine strain Genotype Route 
1994 Live CAVAC/DM/GCVP/KBNP/KI, Korea KPEDV-9 1a IM 
1999 Killed, bivalent HVRI, China CV777 1a HA 
2003 Live, bivalent HVRI, China CV777, attenuated 1a HA 
1997 Live Nisseiken, Japan P-5V 1a IM 
2003 Live GCVP, Korea DR13, attenuated 1a Oral 
2004 Killed, bivalent CAVAC/DM/GCVP/KBNP/KI, Korea SM98P 1a IM 
2009 Live, trivalent CAVAC/DM/GCVP/KBNP/KI, Korea SM98vac strain-61P 1a IM 
2012 Killed KI, Korea PED-Fc 1a IM 
2014 RNA Harrisvaccines/Merck, USA N/A N/A IM 
2014 Killed Zoetis, USA N/A 2b IM 
2014 Live, trivalent HVRI, China CV777, attenuated 1a HA 
2015 Live, bivalent DBN, China ZJ08, attenuated 2a IM 
2015 Killed CAVAC, Korea ISU46065IA13 2b IM 
2016 Killed DM/GCVP/KBNP/KI, Korea QIAP1401 2b IM 
2017 Killed WB, Korea WGV-PED-0923 2b IM 
2020 Live CAVAC, Korea KNU-141112-S DEL5/ORF3 2b Oral 

Abbreviations: CAVAC, Choong Ang Vaccine Laboratories Co., Ltd; DM, Daesung Microbiological Labs Co., Ltd.; GCVP, Green Cross 
Veterinary Products Co., Ltd.; KBNP, KBNP, Inc.; KI, Komipharm International Co., Ltd.; HVRI, Harbin Veterinary Research Institute; 
DBN, Beijing Dabeinong Technology Group, Co., Ltd.; WB, Woogene Bio Co., Ltd.; IM, Intramuscular; HA, Houhai acupoint; N/A, not 
available.
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Table 2. Summary of meta-analysis studies of animal vaccine. 

Year Species Contents Reference 
2010 Poultry Efficacy of avian influenza vaccine in poultry (Hsu et al., 2010) 
2011 Cattle, sheep, goat Vaccine efficacy for paratuberculosis control (Bastida and Juste, 2011) 
2011 Pig, cattle, sheep Efficacy of foot-and-mouth disease emergency vaccination (Halasa et al., 2011) 
2011 Pig Comparing the effect of PCV2 vaccines on average daily weight gain and mortality rate (Kristensen et al., 2011) 
2012 Pig Vaccine efficacy in reducing mortality and increasing weight gain of the pigs (Baekbo et al., 2012) 
2012 Cattle Vaccinations to reduce the shedding of Escherichia coli O157 in the faeces of domestic ruminants (Snedeker et al., 2012) 
2013 Cattle Vaccine efficacy of whole-cell killed Tritrichomonas foetus in beef cattle (Baltzell et al., 2013) 
2013 Cattle Assessing the efficacy of bovine vaccination against Escherichia coli O157:H7 (Varela et al., 2013) 
2014 Pig, cattle, sheep Efficacy of routine vaccination against foot and mouth disease in China (Cai et al., 2014) 
2014 Pig Comparing of mixed treatment of porcine circovirus type 2 vaccines used in piglets (da Silva et al., 2014) 
2014 Sheep, goat Phase I inactivated vaccines to reduce shedding of Coxiella burnetii from sheep and goats (O'Neill et al., 2014) 

2015 Dog Cross-protection of licensed canine parvovirus (CPV2 and CPV2b) vaccines against CPV2c 
subtype in puppies 

(Hernández-Blanco and 
Catala-López, 2015) 

2015 Cattle Efficacy of bovine viral diarrhea virus vaccination to prevent reproductive disease (Newcomer et al., 2015) 

2015 Cattle Effectiveness of commercially available vaccines against BHV, BVDV, BRSV, and PIV-3 for 
mitigation of bovine respiratory disease complex in cattle (Theurer et al., 2015) 

2017 Pig Vaccination as a control strategy against Salmonella infection in pigs (de la Cruz et al., 2017) 
2017 Horse  Refinement of the equine influenza model in the natural host (Garrett et al., 2017) 
2017 Cattle Prevention of abortion in cattle following vaccination against bovine herpesvirus 1 (Newcomer et al., 2017) 

2017 Poultry Vaccine efficacy against Indonesian highly pathogenic avian influenza H5N1 (Villanueva-Cabezas et 
al., 2017) 

2018 Shrimp Antiviral protection of white spot syndrome virus vaccine to the shrimp (Feng et al., 2018) 
2018 Cattle Efficacy of Leptospira serovar Hardjo vaccines to prevent urinary shedding in cattle (Sanhueza et al., 2018) 
2019 Cattle Bacterial and viral vaccines for control of bovine respiratory disease in beef cattle (O'Connor et al., 2019) 
2019 Pig Efficacy of bacterial vaccines to prevent respiratory disease in swine (Sargeant et al., 2019) 
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Figure 1. Schematic representations of PEDV genome organization and virion structure. 
A: The structure of PEDV genomic RNA. B: Model of PEDV structure. Adapted from Lee (2015). 
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Figure 2. PEDV outbreaks throughout the world. Only the first reported outbreak by genogroup by country was displayed. 
The letters a and b mean sub-genogroup. 
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Figure 3. Phylogenetic tree of the S proteins of PEDV strains based on S INDEL 
and non-S INDEL strain. Adapted from Lin et al. (2016). 
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Figure 4. Phylogenetic tree of PEDV strains based on genogroup. Adapted from 
Than et al. (2020). 
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Figure 5. Potential international PEDV transmission routes. 
Solid lines indicate PEDV spreads that have already occurred between countries; dotted lines indicate PEDV spreads that are 
expected to happen eventually; dashed circular arrows denote genetic mutations or recombination events that lead to the 
emergence of the novel subtypes. Adapted from Lee (2015).
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Figure 6. Flow chart illustrating systematic reviews and meta-analyses. 
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Chapter II. 

 

Efficacy of porcine epidemic diarrhea vaccines: 

a systematic review and meta-analysis 
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Abstract 

 

PED is a devastating disease that causes considerable economic damage to the global 

pig industry. Although the causative agent, PEDV, was identified about a half century 

ago, there is still much debate on the preventive measures against the disease, 

especially regarding the PED vaccine. Recent reports on PEDV variants make the 

vaccination for PEDV more confusing. Therefore, I systematically reviewed 

published articles on PED and vaccines against the disease and performed a meta-

analysis of vaccine efficacy based on the clinical signs, fecal score and survival rates. 

A total of 299 articles on the efficacy of PED vaccines were found online, and 21 

articles were selected that fulfilled all the criteria. A meta-analysis was performed on 

the 21 articles based on the fecal scores and survival rates. This analysis showed the 

efficacy of PED vaccines, and no significant differences in the efficacy depending 

on vaccine type (killed vs. live) or administration route (intramuscular vs. oral) were 

found. The results from this study suggest that any vaccination against PED is a 

useful strategy to control the disease regardless of the type of vaccine and 

administration route. 

 

Keywords: systematic review; meta-analysis; porcine epidemic diarrhea; vaccine 

efficacy 
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Introduction 

 

PEDV, a member of the genus Alphacoronavirus in the family Coronaviridae of the 

order Nidovirales, induces acute gastrointestinal symptoms characterized by 

dehydration, vomiting, diarrhea, and high mortality in newborn and suckling piglets 

(Saif et al., 2019) . PEDV was first identified in England and Belgium in the 1970s 

and has since been geographically restricted and problematic in Europe and Asia 

over the last three decades (Pensaert and de Bouck, 1978; Wood, 1977). However, 

PEDV first emerged in the United States in 2013 and rapidly spread to adjacent 

North and South American countries, causing significant financial losses to their 

swine industries (Langel et al., 2016; Lee, 2015). Then, the US prototype-like highly 

virulent G2b PEDV strains almost simultaneously invaded Asian countries, 

including South Korea, Taiwan, and Japan, resulting in the recurrence of a massive 

nationwide PED epidemic (Cha et al., 2000; Lee et al., 2010). PEDV is now one of 

the most devastating porcine viruses that has emerged or re-emerged, presenting a 

significant threat to the worldwide pork industry (Lee, 2015; Lv et al., 2016; Song 

et al., 2015a). 

G1a PEDV vaccines have been widely used in some Asian countries, including 

South Korea, China, Japan, and Thailand. Since 1999, three CV777-based killed and 

live-attenuated bivalent or trivalent vaccines have been used in China and a genotype 

2a-based attenuated bivalent vaccine was introduced in 2015 (Lv et al., 2016). The 

cell-adapted 83P-5 strain has been used as a live-attenuated vaccine (P-5V) in Japan 
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(Sato et al., 2011). The three cell-adapted PEDV strains, KPEDV-9, SM98, and DR-

13 were used in Korea. The SM98 strain has been used intramuscularly as a live or 

killed vaccine, while DR-13 is available as a live oral vaccine (Kweon et al., 1999; 

Song et al., 2007). However, some studies have raised questions about the efficacy 

of the vaccine since the highly virulent G2b PEDV emerged in the United States in 

2013 and rapidly spread to its neighboring countries and Asian nations, causing 

considerable economic losses to their swine industries (Lee, 2015; Lv et al., 2016). 

Owing to the prevalence of G2b PEDV throughout the world, some animal vaccine 

manufacturers and researchers are making efforts to develop G2b-based PEDV 

vaccines, considering the vaccine type (live or killed), the route of administration 

(intramuscular or oral), or antigen type (whole virus or recombinant protein). 

Accordingly, G2b whole virus killed vaccines have developed and used in the pig 

farms since 2014 in the US and 2015 in Korea, and a G2b live oral vaccine which 

was produced by Korean isolate, KNU-141113 S-DEL5/ORF3 strain has been 

approved in Korea and is used in farms from 2020. 

The process of systematic review has been accepted as a straightforward and 

replicable tool for synthesizing and analyzing the available data on the efficacy of 

interventions (Higgins and Green, 2008). Meta-analysis is a research approach that 

statistically incorporates and objectively analyzes independent individual research 

findings on the same subject (Egger et al., 1997a). Meta-analysis has the advantage 

of increasing the number of research subjects by integrating the results of each 

research into a weighted average summary calculation, increasing statistical power 
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and precision, and overcoming the limitations of individual studies to obtain general, 

systematic and objective results (Noble Jr, 2006). 

A standard test model to evaluate the efficacy of the vaccine is crucial in developing 

an effective vaccine. However, there has not been a standard evaluation model for 

PED to date, and researchers typically use their own evaluation model based on 

previous studies. This research study is therefore intended to confirm the efficacy of 

the vaccine by systematically reviewing the efficacy evaluation model used in the 

PEDV vaccine studies published to date. 

 

 

Materials and methods 

 

Eligibility criteria for study 

The criteria for the key question of this study were specified by the PICO (Population, 

Intervention, Comparison, Outcome) standard (Higgins and Green, 2008). The 

population was the pigs that were administered PEDV vaccine. Intervention included 

the studies that conducted the efficacy test through challenge with a virulent PEDV 

after vaccination. For comparison, an unvaccinated control group was used. For 

outcome, fecal consistency score and survival rate after challenge were used. 

 

Literature search 
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According to mutual agreement on the inclusion criteria, the literature was searched 

using electric databases at home and abroad by two researchers. The literature was 

searched for studies investigating the effect of vaccines against PED on April 30 in 

2020. The studies were written in either English or Korean, and they were identified 

using PubMed (http://www.ncbi.nlm.nih.org/pubmed/) and Web of Science 

(http://apps.webofknowledge.com) for English studies and Research Information 

Sharing Service (RISS, http://www. riss.kr/index.do) for literature written in Korean. 

Medical subject headings (MeSH) were used to increase the sensitivity and 

specificity of the search. The keywords used for the search string in the database in 

English and translated into Korean are as follows: 

"Porcine epidemic diarrhea" AND vaccine 

All identified studies were reviewed to obtain information on PEDV vaccine type, 

vaccination age (i.e., sow, piglet), vaccination route (i.e., intramuscularly, per oral), 

and efficacy measures. I contacted the corresponding authors to obtain the raw data 

if I could not obtain the data even though the study met all eligibility criteria. In this 

meta-analysis, the term “study” was used to define published research, and the term 

“trial” was used to define the target animal testing with a challenge test conducted 

within a study. 

 

Data extraction 
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The fecal status after challenge was scored on a 4-point scale from 0 to 3 (0; normal 

and no diarrhea, 1; mild and fluidic feces, 2; moderate watery diarrhea, 3; severe 

watery and projectile diarrhea) in 10 of the 12 trials, and a score of 4 given in some 

papers was irrelevant to scoring fecal status as it was given when pigs died. One of 

the other two papers classified it into 3 stages (Li et al., 2017b), and the other into 6 

stages from 1 to 6 points (Li et al., 2018a). In most papers, the fecal score data were 

presented up until 1 to 2 weeks after challenge, but in some papers, they were 

presented until Day 5 or 21 after challenge. Since the most severe diarrhea was 

usually observed on Day 3 after PED challenge and most papers provided data for 

Days 3 to 6 after challenge, the data on Day 5 after challenge were collected and 

analyzed. If there were no data on Day 5, the data on the nearest date were used 

instead. Because the conditions of challenge (pig age on challenge day, type and 

pathogenicity of the challenge virus, virus dose, etc.) were different, it was deemed 

that collecting data on the same date for all studies was not truly meaningful. On the 

other hand, data on the survival rate at the end date of the experiment presented in 

each paper were used for the analysis, as is the value, although the observation period 

varied from 4 to 21 days. 

 

Statistical analysis 

Meta-analysis models are divided into the fixed effects model, which assumes that 

the effect size for all groups is identical, and the random effects model, which 

assumes that the effect size of the population varies by study. In this study, the 
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difference in effect sizes was investigated using both models, and the effect size was 

converted into Hedges' g for interpretation. In general, the effect size is classified 

into small effect size (< 0.3), medium effect size (0.3 to 0.8), and large effect size (≥ 

0.8). 

 

The effect size can vary among different studies, which is called heterogeneity, and 

a heterogeneity test was performed to check for heterogeneity. The I2 statistic, which 

evaluates the degree of heterogeneity, was used along with Q values. Generally, 

heterogeneity is low for I2 values of ≤ 25%, moderate for up to 50%, and high for up 

to 75% (Higgins and Green, 2008) (Higgins et al., 2003). 

I analyzed the potential publication bias of the target study using a funnel plot (Egger 

et al., 1997b). A funnel plot is a tool used to present the likelihood of error, not to 

prove error, and the X-axis and the Y-axis display effect size and standard error, 

respectively. In general, studies with large sample sizes show a concentrated 

distribution around the mean at the top of the graph, while studies with small sample 

sizes show a relatively dispersed distribution at the bottom of the graph due to their 

large standard error (Lee, 2008). When there was asymmetry in the funnel plot, 

Egger’s regression test was performed to calculate the exact figure, and a further 

analysis was performed using the trim-and-fill method to correct the asymmetry and 

estimate any change in the adjusted overall effect (Duval and Tweedie, 2000). 

All calculations and analyses of this study were performed using Comprehensive 

Meta-Analysis Software version 2.0 (Biostat Inc., Englewood, NJ, USA). 
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Results 

 

Systematic analysis of articles related to PED 

Three hundred one studies were found after searching for “porcine epidemic diarrhea” 

and “vaccine” in PubMed and RISS. Two hundred ninety-nine studies remained after 

excluding two duplicates. Of the 299 publications identified, 266 studies were 

excluded for the following reasons: 11 articles involved non-PEDV research, 185 

publications were not for PEDV vaccinations, 19 studies used mice for testing, 30 

papers performed pig experiments without a challenge test, and the remaining 21 

articles were review papers. Therefore, 33 studies were selected in the first screening 

process, and these are summarized in Table 3. Of these, 10 studies were about live 

vaccines, and the other 23 studies were on killed vaccines. In 10 studies on live 

vaccines, the percentages of vaccines for oral and intramuscular injection were 80% 

and 20%, respectively. On the other hand, the percentages of vaccines for 

intramuscular, oral, and nasal injection in the studies on killed vaccine were 74%, 

17%, and 9%, respectively. In addition, of those 33 studies, 16 evaluated vaccine 

efficacy by challenging piglets born from vaccinated sows, and the other 17 

evaluated vaccine efficacy by challenging piglets after vaccination. In most of the 

studies, vaccine efficacy was evaluated through clinical observations and serological 

tests after PEDV vaccination and a challenge test. Some studies have even presented 

cellular immune responses or histological findings to identify vaccine efficacy. For 

the clinical observation results, the fecal consistency score, viral shedding, and 
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mortality were individually provided in 91%, 85% and 52% of the studies. For the 

serological test, 94%, 73% and 67% of the studies showed the antibody titer of VN, 

IgG and IgA ELISA, respectively. All 33 studies analyzed the antibody titer by using 

at least 1 serological test (VN test or ELISA). Fifty-five percent of the trials had all 

3 kinds of serological test results. Serum, colostrum, milk or whey was used for the 

VN test, and serum, colostrum or milk was used for the IgG ELISA. For the IgA 

ELISA, serum, colostrum, milk, whey, feces, saliva or mucous extracts was used. 

In this study, clinical observation data were analyzed to evaluate PEDV vaccine 

efficacy. Among the various evaluation indexes, survival rate and fecal consistency 

score after challenge, which has the clearest criteria, were used to perform a meta-

analysis. Since numerous researchers performed their tests with different samples 

and various test methods in different periods of time, the serological test results were 

not appropriate for use in the meta-analysis. Therefore, 21 studies, which had data 

including number of animals, mean values, and standard deviations for the meta-

analysis, were finally selected. The studies involved 12 trials with analysis of fecal 

scores and 13 trials with analysis of survival rates (Fig. 7). 

 

Meta-analysis 

Effect of PEDV vaccine 

A meta-analysis was performed to determine whether there was a difference in the 

effect of the PEDV vaccine. The effect sizes of the fixed effect model and random 

effect model were 1.907 (Z=11.775, p<0.05) and 2.421 (Z=6.028, p<0.05), 
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respectively, based on the fecal scores, which indicate statistically significantly large 

effect sizes. In addition, the effect sizes of the fixed effect model and random effect 

model based on the survival rates were 3.474 (Z=9.109, p<0.05) and 3.700 (Z=8.138, 

p<0.05), respectively, which also shows statistically significant large effect sizes 

(Table 4). 

 

Heterogeneity assessment 

The forest plots were visually consistent in orientation, but a heterogeneity test was 

performed for accurate evaluation. The analysis based on the fecal scores after 

challenge showed that the Q-value was 55.586 and the p-value was 0.000, which 

rejected the null hypothesis. Thus, the presence of heterogeneity was confirmed. To 

more specifically identify the degree of confirmed heterogeneity, the I2 statistic value 

was assessed. The I2 value was 80.211, so it can be concluded that there is severe 

statistical heterogeneity, which may indicate that various backgrounds of each study 

have an effect on the study results (Table 5). Since it was confirmed that there was 

heterogeneity in this study, the effect size was identified using the random effect 

model, and the effect size was 2.421 (Z=6.028, p<0.05) (Fig. 8a). 

On the other hand, when the efficacy of the PEDV vaccine was analyzed based on 

the survival rates, the Q-value was 15.286, and the probability value was 0.226. Thus, 

as the null hypothesis was not rejected, no heterogeneity was present. The I2 value, 

which identifies the degree of heterogeneity, was 21.498, which also indicated low 
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statistical heterogeneity (Table 5). Thus, the effect size was determined by the fixed 

effect model. As a result, the effect size was 3.474 (Z=9.109, p<0.05) (Fig. 8b). 

 

Publication bias analysis 

The publication bias was verified through a funnel plot analysis that visually showed 

the error. The funnel plot was confirmed to be asymmetric for all studies based on 

fecal scores and survival rates, which suggested the existence of publication bias. To 

identify the exact value, Egger’s regression test was performed. The results of the 

fecal score and survival rate analyses showed probability values of 0.004 and 0.003, 

respectively. Thus, as the null hypothesis was rejected, publication bias was 

confirmed (Table 6). In other words, since the funnel plot was visually asymmetrical 

and there is a statistically significant relationship between effect size and standard 

error based on the analysis result of Egger's regression test, it can be said that sample 

size and effect size have a statistically significant relationship. 

In addition, a classic fail-safe N was performed to identify how many research papers 

need to be added to change the final analyzed result of the meta-analysis. It was 

found that 480 and 297 additional studies were required for studies based on fecal 

scores and survival rates, respectively, to make the overall effect nonsignificant. 

As publication errors were shown in the overall effect size, I analyzed the effects of 

automatically missing data when the asymmetric funnel plot was made symmetric 

using the trim-and-fill method. According to the results of the fecal score analysis, 3 

effect sizes not reported due to publication error were added (black dots), and the 
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effect size of the random effect model changed from 2.420 to 1.828 (Fig. 9a). The 

results of the survival rate analysis showed that 4 effect sizes that were not reported 

due to publication error were also added, and the effect size of the fixed effect model 

changed from 3.474 to 2.953 (Fig. 9b). In other words, it can be said that both 

analyses have automatically corrected effect sizes considering the likelihood of 

publication error. 

 

Effect analysis based on PEDV vaccine type and vaccination route 

 

Effect analysis based on PEDV vaccine type 

The efficacy results of the PEDV vaccines used in this analysis were classified into 

killed vaccines and live vaccines, and the mean effect size of the two groups was 

compared to determine whether there was a difference in efficacy between the two 

vaccines. Based on the analysis of the fecal score data, the effect size of the killed 

vaccine was 1.675 (standard deviation: 0.424) and that of the live vaccine was 3.129 

(standard deviation: 0.683). Analysis of the survival rate data showed that the effect 

sizes of the killed vaccine and the live vaccine were 4.109 and 3.173, respectively, 

with standard deviations of 0.672 and 0.463, respectively. In both groups, the effect 

size was significant, as their 95% confidence intervals do not include 0. The Q-value 

of the two groups was 3.270 (p-value: 0.071) based on the analysis of the fecal scores 

and 1.317 (p-value: 0.251) based on the analysis of the survival rates. At the 90% 

confidence intervals, there is statistically significant difference in the efficacy of 
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PEDV vaccines between the killed vaccine and live vaccine based on fecal scores. 

Thus, the effect size of the live vaccine was higher than that of the killed vaccine 

between the groups (Table 7). 

 

Effect analysis based on vaccination route 

Additionally, the vaccination routes of PEDV vaccines were classified into 

intramuscular (IM) and oral (PO) vaccines, and the difference in the mean effect size 

was compared to determine whether there was a difference in the efficacy of the 

vaccine between the two groups. The statistically same effect size was recognized 

between the two groups. Therefore, no statistically significant difference in the 

efficacy of the vaccine based on the vaccination route was found (Table 8). 

 

 

Discussion 

 

Effective vaccines against recently prevalent G2b PEDV are actively under 

development around the world. However, since there is no definite target animal 

testing model to prove the efficacy of the vaccines, researchers have been conducting 

research on vaccine development by setting their own criteria for various efficacy 

assessments, such as fecal consistency and clinical symptoms, virus output, survival 

rates, and PED antibodies (IgA, IgG, and VN) in serum or colostrum after challenge. 

Thus, a meta-analysis was performed using papers published to date to determine 
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whether PEDV vaccines are effective and which vaccine (live or killed vaccine and 

PO or IM) is more effective in preventing PEDV infection based on the various 

assessment items used in studies on PEDV vaccine development reported to date. A 

meta-analysis can generalize a number of existing studies that individually reported 

the effectiveness of the study through quantitative integration and is useful in that it 

provides a reasonable basis for clinical decision making (Park, 2019). 

For the literature search, “porcine epidemic diarrhea” and “vaccine” were set as the 

keywords, and English papers were searched using PubMed and Korean papers using 

RISS. As a result, 281 and 20 papers were found, respectively. After studies unrelated 

to a vaccine test, review articles, and papers where the vaccine test was conducted 

in pigs but a challenge was not performed were excluded, 21 papers were finally 

selected for this meta-analysis. 

In the selected papers, the efficacy of PEDV vaccines was investigated by scoring 

fecal status and comparing survival rates and virus output with nonvaccinated control 

groups after challenge or by measuring IgA, IgG, neutralizing antibodies, etc., in the 

serum or colostrum of pigs. However, the analysis of real-time PCR data on the dose 

of virus for challenge excreted in feces or serum test results, which were used as a 

common evaluation index in many research papers on PEDV vaccines, could not be 

used in this meta-analysis since the numbers in the studies were too different to 

integrate the results of each study and there was a limit to collecting the information 

needed for the meta-analysis. In this study, the efficacy of PEDV vaccines was 

analyzed using data on fecal scores and survival rates of pigs after challenge. 
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The fecal status after challenge was scored on a 4-point scale from 0 to 3 (0; normal 

and no diarrhea, 1; mild and fluidic feces, 2; moderate watery diarrhea, 3; severe 

watery and projectile diarrhea) in 10 of the 12 trials, and a score of 4 given in some 

papers was irrelevant to scoring fecal status as it was given when pigs died. One of 

the other two papers classified it into 3 stages (Li et al., 2017b), and the other into 6 

stages from 1 to 6 points (Li et al., 2018a). In most papers, the fecal score data were 

presented up until 1 to 2 weeks after challenge, but in some papers, they were 

presented until Day 5 or 21 after challenge. Since the most severe diarrhea was 

usually observed on Day 3 after PED challenge and most papers provided data for 

Days 3 to 6 after challenge, the data on Day 5 after challenge were collected and 

analyzed. If there were no data on Day 5, the data on the nearest date were used 

instead. Because the conditions of challenge (pig age on challenge day, type and 

pathogenicity of the challenge virus, virus dose, etc.) were different, it was deemed 

that collecting data on the same date for all studies was not truly meaningful. 

In 10 out of the 13 trials that identified the survival rates of pigs after challenge, sows 

were vaccinated, and challenge was performed on their piglets. In 2 trials, 1-day-old 

and 4-day-old piglets were vaccinated and challenged. In a paper published by Yuan 

X, et al., (Yuan et al.) 4-week-old minipigs were vaccinated, and they were 

challenged. Observation of the survival rates of the pigs after challenge was 

monitored for at least 4 days and up to 21 days depending on the paper. In this meta-

analysis, survival rate analysis was performed using the final survival rate results 

presented after the end of the survival rate observation period for each study. 
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The results of the heterogeneity analysis confirmed that there was severe 

heterogeneity when using the fecal scores for analysis. The reasons for the severe 

heterogeneity were speculated to be due to different time intervals of challenge after 

vaccination, different ages of pigs on the challenge day, different pathogenicity of 

the challenge virus, and various concentrations and doses of the virus for challenge. 

In contrast, there was low heterogeneity when it was analyzed using the survival rate 

data after challenge. It was thought that the difference in the results of each study 

was relatively small because each study identified the dose of challenge virus that 

could induce death of pigs in the control group that were not vaccinated before the 

trial and then perform challenge relative to the virus dose. In fact, among the 13 trials 

that analyzed the survival rate of pigs after challenge, the survival rate of the control 

group was 0% to 20% in 10 trials, and in the other 3 studies, the survival rate of the 

control group was 42.9% to 66.7%. 

An analysis of publication bias was conducted on the papers analyzed in this study. 

Publication bias refers to the bias where the results of a meta-analysis are distorted 

because positive studies are more likely to be published as journal editors prefer 

positive studies that show statistically significant differences to negative studies, and 

as a result, positive studies are found more often (Simes, 1987). In this study, 

publication bias was evaluated using funnel plots and Egger's regression test, and 

publication bias was confirmed in the results of the meta-analysis using data on fecal 

scores and survival rates. To overcome such errors, gray literature that has not been 

formally published should be used in a meta-analysis. Since this study analyzed 
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papers that were written and published in English and Korean, excluding research 

papers published in languages other than English and Korean from this analysis can 

be considered a limitation. In addition, using only the fecal scores and survival rates 

for the analysis as well as failing to analyze the virus output and antibody titers in 

the serum after challenge were other limitations. 

To analyze the difference in the efficacy of PEDV vaccines based on vaccine type or 

vaccination route, vaccines were classified into killed vaccine and live vaccine and 

IM and PO, respectively, for analysis of their efficacy. At the 95% confidence 

intervals, statistically significant differences were not found in both cases, however  

at the 90% confidence intervals, there was statistically significant difference in the 

efficacy of PEDV vaccines between the killed vaccine and live vaccine based on 

fecal scores. In other words, vaccination with the live attenuated PEDV through oral 

route tended to have a larger effect than others. In some recent papers, it was reported 

that the efficacy of PEDV vaccines is questionable (Lv et al., 2016; Song et al., 

2015a), but this is because cross-protection between different genotypes did not 

work due to the mutations in PEDV, and other researchers have already confirmed 

and reported that cross-protection of the PEDV G1a and G2b types partially works 

(Opriessnig et al., 2017; Sato et al., 2018). 

Immunization of pregnant sows is important for controlling the PED epidemic and 

reducing the number of deaths in suckling piglets (Baek et al., 2016; Langel et al., 

2016). Several live and killed PED vaccines that can be administered to sows are 

already commercially available on the market (Lv et al., 2016). This study suggests 
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that the use of have been developed or commercially available PED vaccines could 

be a useful method of control and prevention of PED, regardless of the type of 

vaccine and route of administration. 

 

 

Conclusion 

 

A systematic review and meta-analysis were performed on studies that carried out a 

challenge test using virulent PEDV after vaccinating sows or piglets to confirm the 

efficacy of PEDV vaccines that were being developed or commercially sold. To 

evaluate the efficacy of the vaccines, data were analyzed based on the fecal scores 

and survival rates following the challenge test on the vaccinated and control groups. 

The results confirmed that there was a statistically significant effect size. Regarding 

differences in vaccine efficacy between vaccine types or vaccination routes, there 

was no statistically significant difference in the efficacy between the killed and live 

vaccines or between vaccination via intramuscular and oral administration at the 95% 

confidence intervals. However, the live attenuated vaccines and oral route of 

administration tended to have a larger effect size than others. 
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Table 3. Analysis of vaccines against porcine epidemic diarrhea based on published articles. 

Virus 
type 

Route Antigen types Target 
animals 

Clinical observations in piglets  Detection of antibody Reference 

Viral  
shedding 

Diarrhea Survival 
rate 

Neutralizing 
antibody 

ELISA 

IgA IgG 

Live  IM* Attenuated virus sow N/A Significantly 
improved 

80.0%  
(n=15) 

Serum, 
milk  

N/A N/A (Sato et al., 2018) 

N/A Mild   68.0%  
(n=25) 

N/A N/A Serum,  
colostrum 

(Kweon et al., 1999) 

PO Attenuated virus sow N/A N/A 87.0%  
(n=23) 

Colostrum, 
whey 

Colostrum N/A (Song et al., 2007) 

Significantly 
reduced  

Significantly 
reduced   

100%  
(n=30) 

Serum,  
colostrum 

Serum,  
colostrum 

N/A (Jang et al., 2019) 

N/A No diarrhea 91.2%  
(n=N/A) 

Serum,  
milk 

Serum,  
milk 

Serum,  
milk 

(Wen et al., 2019) 

Mitigated Mitigated   66.7%  
(n=30) 

Serum,  
colostrum 

N/A N/A (Won et al., 2019) 

piglet Lower and 
delayed 

None-to-mild
   

N/A Serum Feces Serum (Chang et al., 2017) 

Rapid  
declined  

Significantly 
reduced   

N/A Serum Serum Serum (Lin et al., 2019) 

Mutants 
virus 

S-INDEL piglet Significantly 
lower  

Reduced   N/A Serum Serum,  
feces 

Serum (Opriessnig et al., 20
17) 

2'-O-Mtase, 
endocytosis 
signal 

Significantly 
lower 

No diarrhea 100%  
(n=5) 

Serum N/A N/A (Hou et al., 2019a) 
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Table 3. Analysis of vaccines against porcine epidemic diarrhea based on published articles (cont’d). 

Virus 
type 

Route Antigen types Target 
animals 

Clinical observations in piglets  Detection of antibody Reference 

Viral  
shedding 

Diarrhea Survival 
rate 

Neutralizing 
antibody 

ELISA 

IgA IgG 

Killed
  

IN whole virus sow Significantly 
lower 

Lower  
diarrheal score 

80.0%  
(n=15) 

Serum,  
colostrum 

Colostrum Serum,  
colostrum 

(Li et al., 2017a) 

Significantly 
lower 

Lower  
diarrheal score 

86.7%  
(n=15) 

Serum,  
colostrum 

Serum,  
colostrum 

Serum,  
colostrum 

(Xu et al., 2020) 

IM whole virus sow Significantly 
reduced 

Significantly 
reduced 

91.7%  
(n=24) 

Serum N/A N/A (Baek et al., 2016) 

Greatly  
reduced  

Significantly 
reduced 

100%  
(n=5) 

Serum,  
colostrum 

Colostrum Serum (Park et al., 2018) 

piglet Reduced  No diarrhea N/A Serum N/A N/A (Li et al., 2017b) 

Delayed  Mild   N/A Serum N/A Serum (Lee et al., 2018) 

Decreased  Mild   N/A Serum N/A Serum (Liu et al., 2019a) 

N/A Reduced   N/A Serum N/A Serum (Liu et al., 2019b) 

killed IM Recombi
nant 

S1 protein sow Reduced  Mild   N/A Serum,  
colostrum 

N/A N/A (Oh et al., 2014) 

S1 protein  No significant 
differences 

No significant 
differences 

87.5% 
(n=8) 

Serum Colostrum Serum, 
colostrum 

(Makadiya et al., 201
6) 

S1 protein  Significantly 
reduced 

Not mitigated 
  

N/A Serum,  
colostrum 

Serum, 
colostrum 

Serum,  
colostrum 

(Subramaniam et al., 
2018) 

S protein  No significant 
differences 

No significant 
differences 

95% 
(n=24) 

Serum Serum,  
colostrum 

Serum,  
colostrum 

(Joshi et al., 2018) 

S protein  Reduced  Reduced   100% 
(n=15) 

Serum,  
colostrum 

N/A Serum (Ke et al., 2019) 
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Table 3. Analysis of vaccines against porcine epidemic diarrhea based on published articles (cont’d). 

Virus
  
type 

Route Antigen types Target 
animals 

Clinical observations in piglets  Detection antibody Reference 

Viral 
shedding 

Diarrhea Survival 
rate 

Neutralizing 
antibody 

ELISA 

IgA IgG 

killed IM recombi
nant 

S protein piglet Markedly 
decreased 

Significantly 
reduced 

N/A Serum Serum Serum (Hain et al., 2016) 

S protein Not detected No diarrhea 100% 
(n=10) 

Serum Serum Serum (Yuan et al., 2017) 

S protein Significantly 
lower  

Mild N/A Serum Feces  Serum (Chang et al., 201
8a) 

S protein Reduced  Delayed N/A Serum Feces  Serum (Chang et al., 201
8b) 

S protein Delayed  Delayed N/A Serum Serum Serum (Liu et al., 2019c) 

COE protein Reduced  Lower  
diarrheal score 

N/A Serum Serum,  
feces,  
saliva 

Serum (Li et al., 2018a) 

PO recombi
nant 

S1D protein  
on microsphere 

sow Lower copy 
numbers 

Reduced   50.0% 
(n=16) 

Colostrum, 
whey 

Colostrum, 
whey 

N/A (Choe et al., 2020) 

S protein  
in TGEV 

piglet Reduced  N/A N/A Serum Serum Serum (Pascual-Iglesias et 
al., 2019) 

COE protein 
in L. casei 

Decreased N/A 60.0% 
(n=10) 

N/A Mucos  
extracts 

Serum (Hou et al., 2018) 

cDNA clone Decreased No diarrhea N/A Serum Feces,  
saliva  

Serum (Kao et al., 2018) 

 
*IM=intramuscularly; PO=per oral; IN=intranasally; N/A=not available 
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Table 4. The effect size analysis of the fixed effect and random effect model for 
PEDV vaccine efficacy.  
The effect size was converted into Hedges’ g for interpretation in this study, and is 
classified into small effect size (<0.3), medium effect size (0.3 to 0.8), and large 
effect size (≥0.8). The asterisk means significant difference (p<0.05). 

Outcome Effect 
model Number Effect 

sizes 
Standard 
error 95% CI Z-value 

Fecal 
score 

Fixed  12 1.907 0.162 1.589~2.224 11.775* 

Random  12 2.421 0.402 1.634~3.208 6.028* 

Survival 
rate 

Fixed  13 3.474 0.381 2.727~4.222 9.109* 

Random  13 3.700 0.455 2.809~4.590 8.138* 

 
CI: confidence interval. 
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Table 5. Heterogeneity test between the studies by fecal score and survival rate. 
The I2 statistic represents the degree of heterogeneity. Generally, heterogeneity is 
low for I2 values of ≤25%, moderate for up to 50%, and high for up to 75%. T2 
represents the absolute value of the true variance (heterogeneity). 

Outcome Q-value df p-value I2-vale T2 

Fecal score 55.586 11 0.000 80.211 1.374 

Survival rate 15.286 12 0.226 21.498 0.552 

 
df: degrees of freedom. 

 

  



57 

Table 6. Egger’s regression analysis for PEDV vaccine efficacy. 

Item 
Outcome 

Fecal score Survival rate 

Intercept 3.044 2.446 

Standard error 1.314 0.663 

Lower 95% CI 0.114 0.986 

Upper 95% CI 5.973 3.906 

t-value 2.315 3.687 

df 10 11 

P (1-tailed) 0.002 0.001 

P (2-taliled) 0.004 0.003 

 
CI: confidence interval, df: degrees of freedom. 
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Table 7. The effect size analysis between the killed and live vaccines. 

Outcome Vaccine  
type 

Point  
estimate 

Standard 
error 

95% CI 
Q-
value df p-value 

Lower Upper 

Fecal 
score 

Killed 1.675 0.424 0.845 2.505 
3.270 1 0.071 

Live 3.129 0.683 1.789 4.468 

Survival 
rate 

Killed 4.109 0.672 2.792 5.426 
1.317 1 0.251 

Live 3.173 0.463 2.264 4.081 

 
CI: confidence interval, df: degrees of freedom. 
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Table 8. The effect size analysis between the administration routes 

Outcome Route Point  
estimate 

Standard 
error 

95% CI 
Q-value df p-value 

Lower Upper 

Fecal 
score 

IM* 2.043 0.250 1.063 3.023 
0.880 1 0.348 

PO 2.849 0.489 1.479 4.220 

Survival 
rate 

IM 3.383 0.466 2.470 4.297 
0.116 1 0.734 

PO 3.659 0.664 2.358 4.600 

 

* IM: intramuscularly, PO: per oral, CI: confidence interval, df: degrees of freedom. 
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Figure 7. Flow chart of the article selection of the study (PRISMA flow diagram). 
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(a) 
 

 
(b) 

 
Figure 8. Forest plot for PEDV vaccine efficacy based on fecal score (a) and survival 
rate (b).  
Hedges’ g value indicates an effect size. Diamond at the bottom of the plot represents 
the average effect size of the studies. 

  

Model Study name
Hedges'

g
Standard

error Variance
Lower

limit
Upper
limit Z-Value p-Value

Baek, 2016 1.917 0.382 0.146 1.168 2.666 5.017 0.000
Chang, 2017 0.843 0.560 0.314 -0.255 1.940 1.505 0.132
Li, 2017 3.768 0.936 0.876 1.934 5.603 4.027 0.000
Subramaniam, 2018 0.500 0.509 0.259 -0.498 1.499 0.983 0.326
Li, 2018 1.569 0.548 0.300 0.495 2.643 2.862 0.004
Chang, 2018 5.251 1.306 1.705 2.692 7.810 4.021 0.000
Kao, 2018 3.395 0.998 0.996 1.439 5.350 3.402 0.001
Lin, 2019 3.521 1.074 1.153 1.417 5.626 3.279 0.001
Liu, 2019 1.429 0.711 0.506 0.035 2.823 2.009 0.045
Jang, 2019 3.820 0.476 0.227 2.887 4.753 8.024 0.000
Won, 2019 1.256 0.311 0.097 0.647 1.865 4.043 0.000
Hou, 2019 5.652 1.326 1.758 3.053 8.251 4.262 0.000

Fixed 1.907 0.162 0.026 1.589 2.224 11.775 0.000
Random 2.421 0.402 0.161 1.634 3.208 6.028 0.000

-8.00 -4.00 0.00 4.00 8.00
Favours A Favours B

Staristics for each study Hedges' g and 95% CI

Model Study name
Hedges'

g
Standard

error Variance
Lower

limit
Upper
limit Z-Value p-Value

Makadiya, 2016 2.232 1.314 1.726 -0.343 4.807 1.699 0.089
Baek, 2016 5.697 1.583 2.506 2.594 8.800 3.599 0.000
Yuan, 2017 6.089 2.047 4.190 2.077 10.101 2.975 0.003
Sato, 2018 5.401 1.679 2.820 2.109 8.692 3.216 0.001
Hou, 2018 3.412 1.572 2.471 0.331 6.493 2.171 0.030
Joshi, 2018 3.892 1.484 2.201 0.984 6.799 2.623 0.009
Park, 2018 3.497 1.752 3.071 0.062 6.931 1.995 0.046
Jang, 2019 7.155 2.032 4.128 3.173 11.138 3.522 0.000
Won, 2019 3.639 1.097 1.203 1.490 5.789 3.318 0.001
Kweon, 1999 2.140 0.705 0.496 0.759 3.521 3.038 0.002
Hou, 2019 1.809 1.675 2.804 -1.473 5.091 1.080 0.280
Ke, 2019 5.999 2.054 4.218 1.973 10.024 2.921 0.003
Choe, 2020 3.497 1.515 2.296 0.527 6.466 2.308 0.021

Fixed 3.474 0.381 0.145 2.727 4.222 9.109 0.000
Random 3.700 0.455 0.207 2.809 4.590 8.138 0.000

-8.00 -4.00 0.00 4.00 8.00
Favours A Favours B

Staristics for each study Hedges' g and 95% CI
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(a) 

 

 
(b) 

 

Figure 9. Funnel plot for publication bias from the studies on PEDV vaccine efficacy 
based on fecal score (a) and survival rate (b).  
The X-axis and the Y-axis of the funnel plot display effect size and standard error, 
respectively. The dark spots are the potential missing studies according to the trim-
and-fill method. 
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Chapter III. 

 

Assessment of the safety and efficacy of an attenuated 

live vaccine based on highly virulent genotype 2b 

porcine epidemic diarrhea virus in nursing piglets 
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Abstract 

 

The generation of the attenuated KNU-141112-S DEL5/ORF3 virus by continuous 

propagation of highly virulent G2b PEDV in Vero cells was previously reported. The 

present study aimed to assess the safety of S DEL5/ORF3 and to evaluate its 

effectiveness as a live vaccine for prime-booster vaccinations. Reversion to virulence 

experiments revealed that the S DEL5/ORF3 strain retains its attenuated phenotype 

and genetic stability after five successive passages in susceptible piglets. Pregnant 

sows were primed orally with an S DEL5/ORF3 live vaccine and boosted 

intramuscularly twice with a commercial killed vaccine at 2-week intervals prior to 

parturition. This sow vaccination regimen completely protected nursing piglets 

against virulent G2b challenge, as evidenced by the increase in survival rate from 0% 

to 100% and the significant reduction in diarrhea intensity, including the amount and 

duration of PEDV fecal shedding. In addition, despite a 2–3 day period of weight 

loss in piglets from vaccinated sows after challenge, their daily weight gain was 

recovered at 7 days post-challenge (dpc) and became similar to that of unchallenged 

pigs from unvaccinated sows over the course of the experiment. Furthermore, strong 

antibody responses to PEDV were verified in the sera and colostrum of immunized 

sows with the prime-boost treatment and their offspring. Altogether, these data 

demonstrated that the attenuated S DEL5/ORF3 strain guarantees the safety to host 

animals with no reversion to virulence and is suitable as an effective primary live 

vaccine providing durable maternal lactogenic immunity for passive piglet 
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protection. 

 

Keywords: Porcine epidemic diarrhea virus; Live-attenuated vaccine; Reversion to 

virulence; Safety; Prime-boost vaccination; Protective efficacy 

 

 

Introduction 

 

PED is a highly epizootic and fetal swine disease that causes watery diarrhea, 

vomiting, severe dehydration, and significant mortality rates in newborn piglets (Lee, 

2015; Saif et al., 2019). PEDV, a member of the genus Alphacoronavirus within the 

family Coronaviridae of the order Nidovirales, is the causative agent of this disease 

(Gorbalenya et al., 2006; Lee, 2015). PEDV is a large, enveloped virus containing a 

single-stranded positive-sense RNA genome of approximately 28 kb in length with 

a 5′ cap and a 3′ polyadenylated tail (Kocherhans et al., 2001; Saif et al., 2019). The 

PEDV genome is composed of seven canonical genes, including the ORF 3, flanked 

by 5′- and 3′- untranslated regions (UTRs) (Kocherhans et al., 2001). The first two 

large ORFs, ORF1a and ORF1b, encode replicase polyproteins (pp) 1a and 1ab, 

which are later proteolytically processed into 16 mature nsps (nsp1–16). The 

remaining genes encode four canonical coronavirus structural proteins, including S, 

M, E, and N, and a single accessory gene, ORF3 (Duarte and Laude, 1994; Lee, 

2015). PEDV can be phylogenetically divided into two genotypes with two sub-
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genotypes: genogroup 1 (G1a and G1b; classical and recombinant, respectively, with 

low pathogenicity) and genogroup 2 (G2a and G2b; field epidemic and pandemic, 

respectively, with high pathogenicity) (Lee, 2015; Lee et al., 2010; Lee and Lee, 

2014; Oh et al., 2014). 

 

Although PED epizootics have been reported in Europe and Asia, the most serious 

outbreaks have mainly occurred in Asian swine-producing countries over the past 

two decades. However, in early 2013, PED first emerged in the United States and 

rapidly spread nationwide and to North and South American countries, sustaining 

tremendous damage to pig health and the pork industry (Mole, 2013; Stevenson et 

al., 2013; Vlasova et al., 2014). Subsequently, highly virulent US prototype-like 

highly virulent G2b PEDV strains almost concurrently struck several Asian nations, 

including South Korea, Japan, and Taiwan, resulting in the recurrence of massive 

PED epidemics (Lee and Lee, 2014; Lin et al., 2014; Suzuki et al., 2015). 

Furthermore, the independent re-emergence of recombinant G1b or pandemic G2b 

PEDV in multiple countries in western and central Europe since 2014 has been 

reported (Boniotti et al., 2016; Dastjerdi et al., 2015; Grasland et al., 2015; Hanke 

et al., 2015; Mesquita et al., 2015; Steinrigl et al., 2015; Theuns et al., 2015). As a 

result of these pandemics, PEDV has gained international attention as a porcine 

coronavirus that represents a considerable financial threat to the global pork business. 

 

PED has been considered one of the most economically serious swine diseases in 
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South Korea since the first epizootic in 1992 (Kweon et al., 1993). Although all four 

sub-genotypes of PEDV have been reported in South Korea, the current dominant 

epidemic strains are mostly of the G2b sub-genotype, with frequent moderate-scale 

regional outbreaks occurring across the nation since the 2013–2014 PED re-

emergence (Lee, 2015; Lee et al., 2015; Lee et al., 2014a; Lee and Lee, 2014, 2017; 

Lee and Lee, 2018). Due to incomplete cross-protection between two genetic clusters, 

classical G1a PEDV vaccines have failed to defend against recent virulent strains, 

and thus new G2b-based vaccines have been developed and commercialized in South 

Korea. However, only killed vaccines against G2b PEDV, which may be incapable 

of effectively controlling chronic PEDV enzootics, are commercially available in the 

domestic market. In the previous study, the double-dose immunization of pregnant 

sows with killed G2b vaccines conferred important passive protection to their litters 

(Baek et al., 2016). However, this study pointed out potential drawbacks of killed 

vaccines against PED in their effectiveness that does not fully mitigate mortality and 

morbidity rates of nursing piglets, probably owing to scant lactogenic immunity. 

Furthermore, since it is acknowledged that the vaccine administration route is one of 

the critical factors in stimulating optimum mucosal immunity in sows, the effects of 

parenteral vaccination with killed vaccines in PEDV-naïve sows on immune 

responses and preweaning mortality may be limited (Crawford et al., 2016; Langel 

et al., 2016; Schwartz et al., 2015). It has also been found that the oral administration 

of live attenuated vaccines can induce a sufficient lactogenic immune response 

against PEDV in naïve pigs and is thus most effective for PEDV-naïve sows (Chattha 
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et al., 2015; Langel et al., 2016). Considering these issues, there is an urgent demand 

for the invention of a next-generation modified live virus (MLV) vaccine that can 

replicate in the gut and provide the stimulation required to induce protective mucosal 

immunity without leading to clinical disease.  

Previously, the KNU-141112-S DEL5/ORF3 (S DEL5/ORF3), a genetically stable, 

fully attenuated PEDV G2b strain that retains its immunogenicity, using traditional 

cell culture adaptation procedures was produced (Lee et al., 2017). In the present 

study, I assessed the phenotypic and genotypic stability of the attenuated S 

DEL5/ORF3 virus as a candidate vaccine strain using reversion to virulence 

experiments in highly susceptible neonatal piglets. In addition, the efficacy of S 

DEL5/ORF3 as an MLV vaccine was evaluated using a live prime-killed boost 

vaccination approach. These results demonstrated that this vaccine provides safe and 

complete protection against challenge with highly virulent PEDV and can serve as a 

primary vaccine in prime-booster maternal vaccination strategies to prevent PEDV 

epidemics and endemics in herds. 

 

 

Materials and methods 

 

Cells and viruses 

Vero cells (ATCC CCL-81) were cultured in alpha-minimum essential medium (α-

MEM; Invitrogen, Carlsbad, CA) with 5% fetal bovine serum (Invitrogen) and 
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antibiotic-antimycotic solution (100×; Invitrogen) and maintained at 37°C in a 

humidified 5% CO2 incubator. The highly virulent Korean PEDV G2b strain 

KOR/KNU-141112/2014 was isolated and propagated in Vero cells as described 

previously (Lee et al., 2015). Viral stock from fifth passage cell culture (KNU-

141112-P5) was prepared and used as the challenge virus in this study. The fully 

attenuated S DEL5/ORF3 strain was cultivated in Vero cells as described previously 

(Lee et al., 2017) and prepared as the live vaccine stock (T317PEDL01; 105.0 

TCID50/ml) according to instructions from Choong Ang Vaccine Laboratories Co., 

Ltd. (CAVAC; South Korea).  

 

Animal infection experiments and clinical examinations 

The in vivo swine studies described here were performed at the CAVAC Animal 

Facility under the guidelines established by its Institutional Animal Care and Use 

Committee. All animals were obtained from a conventional breeding farm with a 

good health record and either vaccination against PEDV or no known prior PED 

outbreak and were also tested to confirm that they were not infected with any porcine 

enteric viruses. 

Conventional five-passage reversion to virulence tests were performed using a total 

of 24 suckling piglets (3 days old at the start of the experiment) from commercial 

crossbred sows (Great Yorkshire × Dutch Landrace). The experimental protocol 

consisting of passaging the virus in the piglets in accordance with the World 

Organization for Animal Health (OIE)’s recommendations, as described in the 
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Manual of Diagnostic Test and Vaccines for Terrestrial Animals (OIE, 2012), with 

minor modifications. Briefly, four animals were assigned to each reversion to 

virulence experiment, except for the final passage, which included eight piglets. The 

animals were fed commercial milk replacer 3 to 4 times daily and had ad libitum 

access to water for the duration of the study. Following a 2-day acclimation period, 

a group of four piglets (now 5 days old) initially received an oral 1-ml dose of 106.5 

TCID50/ml S DEL5/ORF3 (Lee et al., 2017). Piglets were observed for 5 days post-

inoculation (dpi), with daily recording of clinical signs of vomiting, diarrhea, and 

mortality. Stool samples were collected prior to inoculation and daily afterward using 

16-inch cotton-tipped swabs and subjected to RT-PCR using an i-TGE/PED 

Detection Kit (iNtRON Biotechnology, Seongnam, South Korea) and to real-time 

RT-PCR to detect the presence of PEDV shedding, as described previously (Lee et 

al., 2015; Lee et al., 2017). All piglets were euthanized at 5 dpi for post-mortem 

examination, except for four animals from the 5th passage, which were euthanized at 

21 dpi. Fecal and small intestine (SI) tissue samples (collected at 3–5 dpi and during 

the necropsy, respectively) were used to prepare a 10% w/v homogenate suspension 

for subsequent inoculation as described previously (Lee et al., 2015; Lee and Lee, 

2018; Lee et al., 2017). Unless otherwise indicated, 1-milliliter doses of fecal and SI 

suspension with the maximum titer from all four euthanized piglets were used to 

orally inoculate a new group of piglets. This procedure was repeated 5 times in total 

(i.e., 5 back passages). 
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Swine vaccination and challenge experiments were conducted with a total of 6 

commercial crossbred sows (Great Yorkshire × Dutch Landrace) with the same parity 

and expected farrowing date. Pigs were divided randomly into three experimental 

groups: vaccinated group 1 (n = 3; S1, S2, and S3), challenge control group 2 (n = 2; 

S4 and S5), and strict negative control group 3 (n = 1; S6). A live prime-killed/killed 

boost (LKK) multiple-dose PED vaccination schedule at 2-week intervals starting 

prior to farrowing was applied. The three sows in group 1 were orally administered 

once with 2 ml of a live vaccine and were then intramuscularly (IM) boosted twice 

with a commercial killed G2b PEDV vaccine (ISU46065IA13 strain, PED-X®, 

CAVAC) at 6, 4, and 2 weeks pre-partum, respectively. The remaining sows in groups 

2 and 3 were unvaccinated and served as controls. Stool samples were collected at 

days 0, 3, 5, 7, and 14 after oral primary immunization with the live vaccine and 

analyzed with real-time RT-PCR to detect viral shedding and used as an inoculum 

for the challenge experiment using PEDV-naïve piglets. All sows were monitored 

daily for clinical changes and adverse effects following vaccination. To mimic the 

field conditions for nursing piglets, all sows were allowed to farrow naturally and 

nurse their piglets freely for the duration of the study. After removing the atrophic 

and weak newborn piglets from each litter at farrowing, 10 healthy piglets per sow 

were allocated to each group. Ten 3-day-old suckling piglets per litter (a total of 50 

newborn piglets) in groups 1 and 2 were challenged orally with a 1-ml dose of 102.7 

TCID50/ml KNU-141112-P5 virus, which was equivalent to a 100 median pig 

diarrhea dose (PDD50) (Lee and Lee, 2015; Liu et al., 2015). The sham-inoculated 
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piglets from group 3 were administered with cell culture media as a placebo. Animals 

were monitored daily for clinical signs of vomiting, diarrhea, and mortality 

throughout the study. Fecal specimens from all groups were collected and examined 

for PEDV shedding as described above. A clinical significance score (CSS) for 

diarrheal severity was determined using the following scoring criteria based on a 

visual examination for 21 dpc: 0 = normal and no diarrhea (mean cycle threshold [Ct] 

values of > 45); 1 = mild and fluidic feces; 2 = moderate watery diarrhea; 3 = severe 

watery and projectile diarrhea (mean Ct values of < 20); 4 = death. Blood samples 

were collected from sows before (during each vaccination), at, and after farrowing 

(up to 4 weeks) and also from 5 representative piglets per litter from each dam at 0, 

7, 14, and 21 dpc. Colostrum was collected on the day of farrowing, and the piglets 

were weighed daily until the end of the experiment. Piglets that died after challenge 

during the study were necropsied upon their death, while the surviving pigs were 

euthanized at 21 dpc for post-mortem examination, except for six piglets from each 

of groups 1 and 3, which were kept alive for an additional four weeks and weighed 

daily to measure their average postweaning daily weight gain. 

 

Quantitative real-time RT-PCR 

Viral RNA was extracted from fecal samples prepared as described above using an 

i-TGE/PED Detection Kit according to the manufacturer’s protocol. PEDV S gene-

based quantitative real-time RT-PCR was performed using a One Step SYBR 

PrimeScript RT-PCR Kit (TaKaRa, Otsu, Japan) and primers (forward primer 5′-
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ACGTCCCTTTACTTTCAATTCACA-3′, reverse primer 5′-TATACTTGGTACAC 

ACATCCAGAGTCA-3′) and a probe (5′-FAM-TGAGTTGATTACTGGCACGCC 

TAAACCAC-BHQ1-3′) described elsewhere (Kim et al., 2007; Lee et al., 2017; 

Sagong and Lee, 2011). The reaction was performed using a Thermal Cycler Dice 

Real Time System (TaKaRa) according to the manufacturer’s protocol under the 

following conditions: 1 cycle of 45°C for 30 min, 1 cycle of 95°C for 10 min, and 

40 cycles of 95°C for 15 s and 60°C for 1 min. The results were analyzed using the 

system software as described previously (Lee et al., 2017; Sagong and Lee, 2011). 

A PEDV isolate with a known infectivity titer was 10-fold serially diluted to generate 

a standard curve for each PCR plate. The virus concentrations (genomic copies/ml) 

in the samples were calculated based on this standard curve. The mean Ct values 

were calculated based on PCR positive samples, and the mean virus titers were 

calculated based on all pigs within the group. 

 

Nucleotide sequence analysis 

The structural protein gene sequences of PEDV isolates from each reversion to 

virulence experiment were determined using the traditional Sanger method. Four 

overlapping cDNA fragments spanning the entire structural protein-coding region 

(S-ORF3-E-M-N) of each isolate were amplified by RT-PCR as previously described 

(Lee and Lee, 2018; Lee et al., 2017). The individual cDNA amplicons were gel-

purified, cloned using the pGEM-T Easy Vector System (Promega, Madison, WI), 

and sequenced in both directions using two commercial vector-specific T7 and SP6 
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primers and gene-specific primers. In addition, the complete genome of PEDV 

collected from the final back passage experiment was also sequenced. Ten 

overlapping cDNA fragments spanning the whole genome were RT-PCR-amplified 

as described previously (Lee et al., 2015; Lee and Lee, 2014; Lee and Lee, 2018; 

Lee et al., 2017) and each PCR product was sequenced as described above. The 5′ 

and 3′ ends of the genome of the isolate were determined by the rapid amplification 

of cDNA ends (RACE) as described previously (Lee and Lee, 2014). 

 

Histopathology and immunohistochemistry of the small intestines 

Intestinal tissue and other major organs were grossly examined during a necropsy. 

Small intestinal tissue specimens (< 3 mm thick) collected from each piglet were 

fixed with 10% formalin for 24 h at room temperature (RT) and embedded in paraffin 

according to standard laboratory procedures. The formalin-fixed paraffin-embedded 

tissue samples were cut in 5–8-μm thick sections on a microtome (Leica, Wetzlar, 

Germany), floated in a 40°C water bath containing distilled water, and transferred to 

glass slides. The tissue was then deparaffinized in xylene for 5 min and washed in 

decreasing concentrations of ethanol (100%, 95%, 90%, 80%, and 70%) for 3 min 

each. The deparaffinized intestinal tissue sections were stained with hematoxylin and 

eosin (H&E; Sigma, St. Louis, MO) to observe histopathological changes or were 

analyzed with immunohistochemistry (IHC) for the detection of PEDV antigens 

using a monoclonal antibody specific to PEDV N protein (CAVAC) as described 

previously (Lee et al., 2015; Lee et al., 2017). Villous height and crypt depth were 
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also measured throughout the H&E-stained jejunal sections and the mean ratio of 

jejunal villous height to crypt depth (VH:CD) was calculated as described previously 

(Jung et al., 2006). 

 

Virus neutralization 

The presence of PEDV-specific neutralizing antibodies in serum and colostrum 

samples collected from the pigs in all groups was determined using serum 

neutralization (SN) tests in 96-well microtiter plates with PEDV isolate KNU-

141112 as previously described (Oh et al., 2014), with minor modifications. Briefly, 

Vero cells (2 × 104/well) were grown in 96-well tissue culture plates for 24 h. KNU-

141112-P5 virus stock was diluted in serum-free α-MEM to produce 200 TCID50 in 

a 50-μl volume. The diluted virus was then mixed with 50 μl of 2-fold serial dilutions 

of each inactivated serum sample in 96-well plates and incubated at 37°C for 1 h. 

The mixture was inoculated into Vero cells and incubated at 37°C for 1 h. After 

removing the mixture, the cells were thoroughly rinsed five times with PBS and 

maintained in virus growth medium (Lee and Lee, 2018; Lee et al., 2017) at 37°C in 

a 5% CO2 incubator for 2 days. The neutralization titer was calculated as the 

reciprocal of the highest dilution of serum that inhibited virus-specific cytopathic 

effect (CPE) in duplicate wells. 

 

Enzyme-linked immunosorbent assays 

Recombinant PEDV S1 protein was obtained from PK-rS1-Ig cells (Oh et al., 2014) 
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and purified as described previously (Oh et al., 2014). Anti-PEDV immunoglobulin 

(Ig) A antibodies in serum and colostrum were detected using an in-house PEDV 

G2b S1-based indirect ELISA as described previously (Gerber et al., 2014a; Gerber 

and Opriessnig, 2015), with minor modifications. Briefly, microtiter plates (Nunc, 

Naperville, IL) were coated with 1.6 ng per well of the S1 antigen diluted in coating 

buffer (50 mM bicarbonate buffer, pH 9.6) and incubated overnight at 4°C. After 

three washes with PBS containing 0.05% Tween 20 (PBST), the plates were blocked 

with 5% powdered skim milk (BD Biosciences, Belford, MA) in PBST for 2 h at 

37°C and then incubated with serum or colostrum diluted 1:100 in PBST containing 

10% goat serum (Vector Laboratories, Burlingame, CA) for 1 h at 37°C. After 

washing, a 1:20000 diluted peroxidase-conjugated goat anti-porcine IgG (Santa Cruz 

Biotechnology, Santa Cruz, CA) or IgA (Abcam, Cambridge, UK) was added and 

incubated at 37°C for 1 h. The peroxidase reaction was visualized using 

tetramethylbenzidine-hydrogen peroxide as the substrate (R&D Systems, 

Minneapolis, MN) for 20 min at RT in the dark and was stopped by adding 2N 

sulfuric acid as the stop solution (R&D Systems) to each well. Optical densities (ODs) 

were measured at 450 nm using a SPARK 10M multimode microplate reader 

(TECAN, Männedorf, Switzerland). Positive, negative, and blank (sterile water) 

samples included on each plate, and all clinical and control samples were tested in 

duplicate. 

 

Statistical analysis 
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All values are expressed as the means ± standard deviation of the mean (SDM). 

Statistical significance was evaluated using Student’s t-tests with GraphPad Prism 

5.0 (GraphPad Prism Inc., San Diego, CA). P-values of less than 0.05 were 

considered statistically significant. 

 

 

Results 

 

KNU-141112-S DEL5/ORF3 was phenotypically and genotypically stable 

during reversion to virulence experiments 

To assess its attenuated phenotype and genetic stability, S DEL5/ORF3 was tested in 

a conventional five-passage reversion to virulence experiment During the 

acclimation period, all piglets were active and exhibited normal fecal consistency 

with no clinical symptoms, while no PEDV genetic material was detected in the fecal 

samples from any piglet. None of the piglets used in the five S DEL5/ORF3 passages 

developed clinical signs typical of PED, remaining asymptomatic and alive 

throughout the 5 or 21 days of observation. All piglets inoculated with the stock virus 

(first-passage group [P1]) were positive for PEDV by 1 or 2 dpi as determined by 

RT-PCR, and they continuously shed low amounts of PEDV in feces with mean titer 

ranges of 103.14–103.52 genomic copies/ml from 2 dpi until they were euthanized (Fig. 

10). Similar levels of PEDV fecal shedding were also recorded for the piglets in all 

four subsequent passage groups (P2–P5), and the kinetics for the mean titer values 
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in groups P2–P5 were comparable to those from the piglets in P1. Interestingly, the 

quantities of virus in the feces from four piglets in the fifth-passage group (P5), 

which were euthanized at 21 dpi, were lower at 7 dpi, with a mean titer of 100.83 

genomic copies/ml; thereafter, their feces were negative for the presence of PEDV 

until the termination of the study (Fig. 10). Thus, fecal shedding of the S 

DEL5/ORF3 virus occurs for up to a week after challenge in neonatal piglets.  

PEDV RNA titers were measured in the intestinal tissue samples of piglets collected 

during a necropsy at 5 dpi for each passage (Fig. 10B). Compared to the dose of the 

S DEL5/ORF3 oral inoculum, all of the inoculated piglets contained approximately 

1-log lower levels of PEDV, with mean titer ranges of 104.52–105.13 genomic 

copies/ml. There were no significant differences in the intestinal PEDV quantities 

between the five groups. Under macroscopic examination, it was observed that entire 

animals in all passage groups (P1–P5) had no gross lesions in their gastrointestinal 

tracts and a normal bowel wall thickness (Fig. 11A–E). Although mild 

histopathology was evident in some cases, the microscopic lesions in the small 

intestine of the inoculated pigs appeared normal (Fig. 11F–J). There were no 

significant differences in the mean (± SDM) jejunal VH:CD ratios between the 

inoculated nursing piglets in the different passage groups: 5.3 ± 0.5 in P1, 5.8 ± 0.4 

in P2, 6.1 ± 0.5 in P3, 5.8 ± 0.6 in P4, and 5.5 ± 0.9 in P5. These values were slightly 

lower than the normal VH:CD ratios (7.6 ± 0.2) in uninoculated negative control pigs 

but were significantly higher than the VH:CD ratios (1.2 ± 0.8) in the positive control 

pigs inoculated with the parental KNU-141112-P5 strain. Under IHC analysis, no 
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virus antigen was found in the small intestine of any animal in the first two passages 

(P1 and P2; Fig. 11K–O). On the other hand, PEDV antigen-positive cells were 

detected in some small intestinal villi from the inoculated pigs in P3–P5, with a 

similar range of 0–3 per jejunal villus within all three groups. Altogether, the results 

demonstrated that attenuated S DEL5-ORF3 did not revert to a virulent phenotype 

after five continuous back passages in susceptible piglets.  

To identify the genomic changes that might have occurred during sequential back 

passages in highly susceptible piglets, the structural protein gene sequences of the 

PEDV inoculums for each reversion to virulence experiment (P2–P5) were 

determined and compared to parental attenuated S DEL5/ORF3. No mutations arose 

in the S-ORF3-E-M-N protein-coding region in any of the isolates from the passages, 

while the distinguishing deletion (DEL) signature present in S and ORF3 within the 

S DEL5/ORF3 strain (Lee et al., 2017) remained completely unchanged during the 

reversion to virulence experiment. The full-length genome sequence of PEDV 

collected from the final (i.e., 5th) passage of the experiment was also determined. 

Compared to the S DEL5/ORF3 genome, the virus isolate (P6) had three amino acid 

(aa) substitutions that include 2-aa (Ile to Leu and Cys to Phe) and 1-aa (Phe to Leu) 

changes at positions 1283 and 1287 of nsp3 and position 370 of S, respectively. 

Additional nsp3 sequencing revealed that I1283L and C1287F mutations were 

independently acquired during P4 and P3, respectively. Details of the mutations of 

the 5th in vivo-passaged virus are summarized in Table 9. The sequence analysis thus 

proves that S DEL5/ORF3 was genetically stable during serial passages in piglets. 
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Live attenuated KNU-141112-S DEL5/ORF3 vaccine provided complete 

protection against PEDV challenge 

To evaluate the protective effect of the S DEL5/ORF3 live vaccine, the present study 

employed an oral prime-parenteral booster scheme. None of the sows in the 

vaccinated and unvaccinated groups experienced any clinical signs associated with 

PEDV or any adverse reactions to the vaccines, such as fever, hypersensitivity, or 

abortion/stillbirth. No PEDV genetic material was detected using RT-PCR in fecal 

samples from any of the sows over the duration of the study. On the other hand, rectal 

swab samples from all orally primed sows, which were negative for PEDV RNA, 

were collected for 2 weeks, pooled, and subsequently used to inoculate three PEDV-

naïve 2-day-old piglets for 5 days. No PED-related clinical symptoms were observed 

in any of these piglets. Furthermore, no piglet exhibited detectable PEDV shedding 

in their feces throughout the experimental period or a viral load in their small 

intestine at the end of the study (data not shown). In addition, no significant 

differences in reproductive performance were observed between the vaccinated and 

unvaccinated sows at farrowing. 

Ten piglets per litter were assigned to each sow for nursing. During the pre-challenge 

period, all of the piglets were active, exhibited no clinical symptoms, and had normal 

fecal consistency, with the fecal samples from all piglets found to be negative 

following PEDV-specific RT-PCR. After challenge, PEDV-exposed piglets from 

unvaccinated sows (group 2) experienced clinical signs, including lethargy and 

diarrheic feces, within 1 dpc (mean CSS of > 2.5) and experienced severe watery 
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diarrhea with vomiting thereafter (Fig. 12A). However, piglets from vaccinated sows 

(group 1) had mild diarrhea (mean CSS of < 1.0) beginning at 1 or 2 dpc and 

remained clinically normal after 7 or 8 dpc; they were thus comparable to the 

unchallenged piglets from the group 3 sow. These results revealed that litters from 

vaccinated sows developed notably lesser and milder diarrhea after challenge 

compared to those from unvaccinated sows. PEDV-associated mortality occurred in 

5 of the 20 piglets (25%) from unvaccinated sows at 2 dpc, and all of the remaining 

animals had died by 4 dpc, thus representing a 100% mortality rate for the 

unvaccinated challenge control group 2 (Fig. 12B). In contrast, there was a 100% 

survival rate among the litters from the vaccinated sows (group 1) and the negative 

control sow (group 3) over the course of the experiment. After challenge, fecal 

shedding was detected in all piglets from the unvaccinated sows (group 2) by 1 or 2 

dpc, and they continuously shed high amounts of PEDV in their feces until death 

(Fig. 12C). In contrast, a majority of piglets (26/30) from the vaccinated sows (group 

1) had detectable amounts of PEDV RNA in feces by 3–7 dpc with a peak mean titer 

of 101.27 genomic copies/ml at 5 dpc and continued shedding until 14 dpc. As with 

all of the unchallenged piglets, viral shedding was not detected in the rectal swabs 

of two challenged piglets from vaccinated sows over the entire experimental period. 

All dead piglets from the unvaccinated sows displayed archetypal PED-like gross 

and histopathologic lesions including dilated and fluid filled intestines with thin 

transparent walls as a result of villous atrophy, whereas all surviving piglets from 

vaccinated sows appeared normal both macroscopically and microscopically (data 
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not shown). Therefore, it can be concluded that the oral live prime-parenteral 

killed/killed booster maternal vaccination regimen provided complete piglet 

protection against challenge by virulent PEDV 

The average daily weight gain (ADG) per litter from the vaccinated and 

unvaccinated sows was calculated at different time during the experimental period 

(Fig. 13). With a 100% mortality rate by 4 dpi, the challenged piglets from 

unvaccinated sows (group 2) experienced significantly reduced ADG from 1 dpc 

until their death (data not shown). The overall ADG in the challenged piglets from 

vaccinated sows (group 1) was compared to that in the unchallenged piglets from the 

unvaccinated sow (group 3). Following virus challenge, the ADG of litters from 

vaccinated sows began to decrease at 3 dpc, with the loss of body weight continuing 

until 5 or 6 dpc. However, starting at 7 dpc, the animals in group 1 exhibited a gradual 

increase in their body weight and showed consistently enhanced weight gain during 

the remaining experimental period, which were comparable to the unchallenged pigs 

from the unvaccinated sow (group 3) (Fig. 13A). There were no significant 

differences in ADG between the two groups for the pre-weaning (0–21 dpc) and post-

weaning periods (21–49 dpc) (Fig. 13B). The mean ADG for the entire experimental 

duration (0–49 dpc) was also similar for the challenged piglets from the vaccinated 

sows and unchallenged piglets from the negative control sow. Taken together, these 

results indicate that sow vaccination prevents detrimental effects on the growth 

performance of piglets resulting from PEDV infection.  
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Prime-boost maternal vaccinations elicited a sufficient antibody response 

Measuring the quantities of neutralizing antibodies against PEDV in serum and 

colostrum is necessary to monitor immunity levels following sow immunization. 

Thus, individual samples were collected from pre- and post-partum sows and from 

neonatal piglets pre- and post-challenge and tested for the presence of anti-PEDV 

antibodies using SN assays and ELISA. As shown in Fig. 14A, all sows developed 

anti-PEDV neutralizing antibodies after the initial live prime vaccination, with titers 

ranging from 128 to 256 and a geometric mean of 213.3. At farrowing after the 

killed/killed vaccine boosters, the neutralizing antibody titers in the sera increased, 

ranging from 64–512 with a geometric mean of 362.7, while the titers in colostrum 

were all measured at 1024. All three sows maintained high levels of neutralizing 

antibody titer (512) for 4 weeks post-farrowing. Furthermore, representative nursing 

piglets representative from each litter within group 1 had neutralizing antibody levels 

ranging from 128 to 512 with a geometric mean of 307.2 prior to challenge, which 

were comparable to the levels of their own dam, and retained these antibodies with 

a slight reduction at 3 weeks post-challenge, indicating the adequate protective 

lactogenic immunity had been acquired from the vaccinated sows. These results were 

further verified by ELISA to determine anti-PEDV IgA antibody levels (Fig. 14B). 

The kinetics for the presence of antibodies in the sera and colostrum from vaccinated 

sows and their offspring were comparable to those of the neutralizing antibody levels 

in the corresponding samples. In contrast, neither anti-PEDV neutralizing nor IgA 

antibodies were detected in the serum and colostrum samples collected from the 
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unvaccinated sows and their nursing piglets (groups 2 and 3). Taken together, the 

results of the study demonstrate that prime/booster vaccination efficiently elicits 

potent antibody responses in sows, which are then transferred to their litters via 

lactation to provide full protection against PEDV. 

 

 

Discussion 

 

Because suckling neonates are the population most susceptible to PEDV infection, 

maternal vaccination is an integral strategy for passive lactogenic protection to 

prevent and eradicate PED epidemic or endemic outbreaks. In Asian pig-producing 

countries, including South Korea, G1a PEDV-based vaccines have been extensively 

used to control PED for decades. However, the advent of a new-genotype PEDV that 

led to the 2013–2014 pandemic has raised concerns regarding the efficacy of existing 

vaccines and the calls for a new effective vaccine against emergent epidemic strains, 

especially given that classical G1a vaccines are not fully protective against 

contemporary virulent G2b strains in the field. In 2015, the first licensed G2b PEDV 

vaccine was introduced to the domestic pig market, and currently three killed G2b 

vaccines are commercially available in South Korea for the immunization of sows 

against PEDV. Despite the certain benefits of these vaccines in preventing acute 

outbreaks, they often fail in endemic statuses and naïve herds. One reason for the 

variable vaccine efficacy observed under field conditions may be that parenteral (IM) 
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killed vaccines induce a weaker and less persistent lactogenic immunity compared 

to oral live virus vaccines. Due to the impermeable placenta barrier in swine, piglets 

are born immunologically immature or agammaglobulinic and are hence readily 

vulnerable to a wide range of infections. Newborn piglets rely absolutely on 

colostrum and milk antibodies for maternal lactogenic immunity (Saif and Jackwood, 

1990). Multiple enteric pathogens, including PEDV, require live viruses to migrate 

to the intestine and replicate to activate the gut-associated mucosal system in order 

to efficiently stimulate a local immune response that is passively transferred to 

suckling piglets via colostrum and milk (lactogenic immunity) (Langel et al., 2016). 

While natural infection or oral immunization with live virus can generate sufficient 

mucosal or lactogenic immunity, intramuscular administration is known to induce a 

systemic immune response that provides little lactogenic immunity to piglets 

(Chattha et al., 2015; Langel et al., 2016). Given these points in the design of PEDV 

vaccine, the development of next-generation live vaccines that can be applied orally 

is necessary for effective PED control in the swine industry. Recently, Korean 

researchers successfully achieved the development of the cell culture-attenuated G2b 

strain S DEL5/ORF3, which is genetically stable and homologous to global G2b 

field strains, and immunogenically comparable to the parental virus (Lee et al., 2017). 

In this study, I sought to assess the safety and efficacy of the S DEL5/ORF3 strain 

as an MLV vaccine candidate under experimental conditions.   

 

When evaluating the phenotypic stability of S DEL5/ORF3 by passaging the virus 
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in highly susceptible 5-day-old piglets, no reversion to virulence was observed. 

Consistent with the previous research (Lee et al., 2017), the present study reproduced 

similar amounts and durations of PEDV fecal shedding, with the onset by 2 dpi, a 

peak at 4 dpi, and absence after 7 dpi. This kinetics were analogous among all 

animals and comparable for each passage. Most piglets from each passage had 

normal histopathological lesions but only mildly affected intestinal villi, with mean 

jejunal VH:CD ranges of 5.3–6.1, which are slightly below normal values of > 6 

(Jung et al., 2015). PEDV antigen-positive cells were evident in piglets from later 

passages with a maximum of three cells per jejunal villus. This experimental data 

indicated that the S DEL5/ORF3 virus replicated in the gut of inoculated piglets, 

conserving its virologically and clinically attenuated phenotype during the five back 

passages. Accordingly, except for 3-aa changes (I1281F and C1285F in nsp3 and 

F375L in S), no substitutions were found at the genome level after sequential back 

passages in vivo, demonstrating the genetic stability of S DEL5/ORF3. Furthermore, 

the genetic modifications, including a 5-aa DEL at each N- and C-terminus of S and 

a 70-aa DEL at the N-terminus of ORF3, that may have contributed to the attenuation 

to S DEL5/ORF3 were completely unaffected. The conservation of the 5-aa 

(KVHVQ) DEL of the S DEL5/ORF3 virus also supports a recent study that 

demonstrated that two intracellular sorting signals (endocytosis and endoplasmic 

reticulum-retention) in the cytoplasmic tail of the S protein are associated with 

PEDV virulence (Hou et al., 2019b). It is thus likely that the discontinuous large 

DELs of S DEL5/ORF3 are highly secure and hinder reversion to the native 
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sequences of the virulent parental virus. 

 

Piglets from unvaccinated control sows exhibited much higher mean CSS, as 

determined by diarrhea severity, than those from vaccinated sows. When differences 

in CSS between the groups were assessed at 2 dpc, the challenged piglets from the 

vaccinated (group 1) and unvaccinated (group 2) sows exhibited mean CSS values 

of < 1.0 and > 3.0, respectively. As a result, all piglets in group 2 died within 4 dpc, 

whereas no piglets in group 1 died over the experimental period. The onset of PEDV 

fecal shedding in animals from the vaccinated sows was recorded at different times 

(3 to 7 dpc), and its termination varied among piglets, lasting up to 2 weeks after 

challenge. A recent study revealed that giving sows twice killed G2b vaccines (KK 

vaccination) enhanced the survival rate of piglets against G2b challenge from 0% to 

93% and relieved the severity and morbidity of diarrhea, including the fecal shedding 

of PEDV (Baek et al., 2016). Considering these results, the maternal LKK 

vaccinations applied in the present study were more efficacious than KK treatment 

in terms of absolute improvement in survival rate and the significant mitigation of 

diarrheal severity, including the quantity and duration of viral shedding in stool. 

Although the LKK vaccination of sows still did not completely prevent morbidity in 

piglets after challenge, the remarkably shorter duration of PEDV fecal shedding and 

substantially declined titers would alleviate the environmental burden in the 

farrowing room by effectively eliminating the direct transmission source for the virus. 

Furthermore, neither adverse effects nor PEDV genetic and infectious materials in 
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feces were found in any pregnant sows orally primed with S DEL5/ORF3. These 

data suggest that PEDV fecal transmission after sow immunization with the oral live 

vaccine is not possible under experimental conditions. None of the challenged piglets 

from vaccinated sows experienced body weight loss, and their ADGs returned to 

standard after a week post-challenge, indicating the favorable effects of vaccination 

on piglet growth rates. I was also able to confirm sufficient levels of anti-PEDV 

neutralizing and IgA antibodies in the sera of orally primed sows, which were 

boosted by the KK vaccination, colostrum at farrowing, and the sera of sows at and 

after farrowing, as well as representative offspring sera, indicating that nursing 

piglets were protected by the transfer of maternal immunity via colostrum and milk 

from immune dams. These results further support the notion that colostrum and milk 

IgA and PEDV neutralizing antibody titers are correlated for protective immunity 

against PEDV; thus, the optimal vaccine regimens tend to promote high levels of 

both antibodies in the lactogenic secretions of vaccinated sows (Langel et al., 2016; 

Lee, 2015; Song et al., 2016).  

 

Several studies on enteric virus vaccines have reported that, following the effectual 

priming of the gut by natural infection or oral attenuated vaccines, parenteral killed 

booster vaccines can augment and sustain mucosal or lactogenic immunity (Jafari et 

al., 2014; John et al., 2014; Langel et al., 2016). As a part of enzootic PEDV control 

in South Korea, a multiple-dose vaccination program with live (prime)-killed 

(boost)-killed (boost) vaccines at 2-week or 3-week intervals pre-farrowing has been 
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commonly recommended for pregnant sows for decades (Lee, 2015). Given the 

lessons from this traditional approach and the unavailability of an effective G2b-

based MLV vaccine, the use of classical G1a MLV vaccines or feedback for prime-

boost maternal vaccination strategies has been generally considered able to halt 

continuous devastation in the field since the overwhelming PED epidemic in 2013–

2014. However, PEDV vaccination strategies based on historical G1a strains may 

create beneficial immune environments for the survival of epidemic G2b strains, 

which would continuously evolve to escape the host immune system under relieved 

immune pressures. In particular, aggressive feedback (i.e., intentional exposure) 

practices have since been adopted recklessly and involuntarily in a majority of 

domestic pig farms. Although feedback can artificially trigger rapid lactogenic 

immunity and hopefully shorten the outbreak period in PEDV-naïve herds, a number 

of potential negative consequences exist, including the widespread dissemination of 

other viral pathogens, insufficient gut stimulation due to heterogeneous and low 

titers of infectious PEDV in autogenous materials, the increased risk of 

recombination and viral diversity, and unexpected transmission between facilities 

and farms followed by an endemic establishment (Jung et al., 2006; Lee, 2015; Park 

et al., 2009). Therefore, it is anticipated that the proposed S DEL5/ORF3-based MLV 

vaccine will be able to replace the feedback approach used nationwide. 

 

In conclusion, this is the first report to describe the safety and efficacy of an MLV 

vaccine based on a virulent G2b PEDV strain, and it is proven that this vaccine offers 
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a greater preventive effect than do killed viral vaccines. The present work 

demonstrated that the fully attenuated phenotype of the S DEL5/ORF3 strain is not 

converted after five consecutive back passages in newborn piglets. Vaccination-

challenge experiments revealed that sow immunization with an oral prime-parenteral 

boost LKK regimen provides protective lactogenic immunity for piglets, thus 

averting mortality completely, greatly reducing morbidity and fecal shedding, and 

sustainably maintaining piglet growth performance following exposure to virulent 

PEDV. One disadvantage of oral administration, however, is that it is impossible to 

ensure that individual pigs are vaccinated with the appropriate dose; this issue needs 

to be overcome in order to efficiently employ live vaccines for oral priming purposes 

under various field conditions. Because the introduction of a new, safe, and effective 

MLV vaccine to the market is expected to be useful for combating PED, particularly 

in seropositive and PEDV-naïve herds, customized implementation of vaccines such 

as the application of prime-boost maternal vaccination schemes should be 

established based on herd circumstances to prevent primary outbreaks, restrict the 

occurrence of re-infection or recurrent epidemics, and halt potential endemics. More 

importantly, stringent biosecurity/disinfection procedures and optimal farm and 

husbandry management practices must be combined to maximize vaccination as the 

most promising and effective approach to ensuring passive lactogenic immunity for 

the prevention and control of PED epizootics and enzootics. 
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Table 9. Summary of nucleotide and amino acid differences between the parental 
KNU-141112-S DEL5-ORF3 (P0) and 5th in vivo-passaged (P5) viruses. 

 

The bold letters indicate mutated nucleotides based on the KNU-141112-S DEL5-
ORF3 virus. 
 

Gene 
Position  S DEL5/ORF3 

Nucleotide Amino acid  P0 P5 

ORF1ab      

nsp3 3847 1283  ATT (I) CTT (L) 

 3860 1287  TGC (C) TTC (F) 

S 1108 370  TTT (F) CTT (L) 
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Figure 10. PEDV detection in fecal and intestinal samples from piglets in the five back passage groups (P1–P5).  
PEDV RNA titers in rectal swabs collected at the indicated time points (A) and jejunal tissue collected at 5 dpi for each back 
passage (B) were determined using quantitative real-time RT-PCR analysis. The virus titer (log10 genomic copies/ml) values 
represent the mean virus titer from all pigs in each reversion to virulence test and the error bars represent the mean ± SDM. 
Statistical significance was assessed using Student′s t-tests. There were no significant differences between the groups. 
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Figure 11. Macroscopic and microscopic small intestine lesions in piglets from the five back passage groups (P1–P5).  
(A–E) The small intestine from representative piglets in each reversion to virulence test was examined for gross lesions. (F–J) 
Hematoxylin and eosin-stained tissue sections of the jejunum from representative piglets in each reversion to virulence test 
(100× magnification). (K–O) Detection of PEDV antigens using IHC analysis of jejunum tissue sections from representative 
piglets in each reversion to virulence test (200× magnification). Immunostaining of PEDV antigen appears as brown staining 
(arrows) and was detected in the epithelial cells of the jejunum in representative pigs from passage groups P3–P5 (panels M–
O). 
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Figure 12. Clinical significance scores, survival rates, and virus shedding in piglets 
from three experimental groups.  
Pregnant sows were primed orally with a live S DEL5/ORF3 vaccine and boosted 
twice with a commercial G2b PEDV vaccine at 2-week intervals pre-farrowing and 
their nursing piglets were challenged with virulent G2b PEDV at 3 days of age. (A) 
Clinical significance scores were measured as described in the Materials and 
Methods section. (B) Survival rate of piglets from vaccinated (group 1), challenge-
control (group 2), and negative-control (group 3) sows through 21 dpc. (C) PEDV 
titers in rectal swab samples at each time point were determined using quantitative 
real-time RT-PCR analysis. The virus titer (log10 genomic copies/ml) values 
represent the mean virus titer from all pigs and the error bars represent the mean ± 
SDM. P values were calculated by comparing the data from the vaccinated and 
unvaccinated sow groups after challenge using Student′s t-tests. *, P = 0.001 to 
0.05; **, P < 0.001. 
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Figure 13. Mean body weight and average daily weight gain for piglets from the vaccinated (group 1) and negative-control 
(group 3) sows after challenge through 49 dpc.  
Error bars represent the mean ± SDM. Statistical significance was assessed using Student′s t-tests. There were no significant 
differences between the two groups.  
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Figure 14. PEDV-specific antibody responses in serum and colostrum samples of sows and their 
corresponding litters.  
Pregnant sows were primed orally with a live vaccine at 6 weeks prior to farrowing and boosted 
twice with a commercial killed vaccine at 4 and 2 weeks pre-farrowing and their nursing piglets 
were challenged with virulent G2b PEDV at 3 days of age. The samples were collected at the 
indicated time points and were tested with virus neutralization assays using KNU-141112 (A) and 
an in-house IgA PEDV ELISA (B). C/S denotes colostrum samples collected at farrowing. 
Neutralizing antibody titers for individual samples were presented as a log2 scale. Values are 
representative of the mean from three independent experiments in duplicate and the error bars 
denote the mean ± SDM. 
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Chapter IV. 

 

Efficacy of a newly developed porcine epidemic diarrhea 

vaccine with an emerging G2b Korean isolate in field trials 

 

 

  



99 

Abstract 

 

PED caused by PEDV results in tremendous damage to the swine industry both clinically and 

economically. Vaccination of sows has been considered one of the best strategies to the control 

disease. However, the emergence of variants and/or new genotypes of PEDV complicates control. 

Therefore, appropriate vaccines against new variants of PEDV are constantly in demand. In this 

study, a new PED vaccine with an emerging Korean isolate was developed, and the efficacy of 

the vaccine was evaluated through field trials. The stability of the vaccine strain was investigated 

by coinfection of the vaccine strain with a field virus in vitro and in vivo. No mutant of the vaccine 

strain was detected through the 5th passage either in vitro or in vivo. Two vaccination protocols, 

two oral administrations of a live attenuated vaccine and one injection of a killed vaccine after 

two oral administrations of a live attenuated vaccine, were compared. After challenge of piglets, 

reduced clinical signs of PED were observed in both protocols, and injection of killed vaccine 

after two oral administrations of live attenuated vaccine was more effective. In clinical trials, the 

safety of the vaccine was confirmed by administration of 10 doses of the live attenuated vaccine 

into gilts, which showed no clinical signs or abnormalities through 14 days. In efficacy tests with 

gilts and sows with two oral administrations of the live attenuated vaccine, high neutralizing 

antibodies against PEDV in the serum and colostrum of the vaccinated animals and serum of 

piglets from the vaccinated animals were detected through 5 weeks of age. Conclusively, the 

newly developed vaccine with a variant of a Korean PEDV isolate could be used as an effective 

vaccine to control PED in the field. 

 

Keywords Porcine epidemic diarrhea; live vaccine; co-infection test; safety and efficacy; clinical 

trials 
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Introduction 

 

PED is a highly contagious infectious disease caused by PEDV (Jung and Saif, 2015; Lin et al., 

2014; Saif et al., 2019). It can infect pigs of all ages and causes watery diarrhea, vomiting, severe 

dehydration, and significant mortality rates in newborn piglets (Lee, 2015; Song et al., 2015b). 

Since its initial detection in Europe in the 1970s, PEDV has spread to many of the world’s major 

pork-producing countries, including Asia and North America, causing significant economic losses 

to the swine industry (Pensaert and Martelli, 2016; Song et al., 2015b; Stevenson et al., 2013). In 

Asia, the virus was first detected in Japan in 1982 and has spread to several neighboring countries, 

including South Korea, China, Thailand, Taiwan and Vietnam (Diep et al., 2017; Lee and Lee, 

2014; Lin et al., 2014; Sun et al., 2012; Tian et al., 2014). In 2013, PEDV was first introduced in 

the United States (US) and subsequently spread to Canada and Mexico (Carvajal et al., 2015; 

Chen et al., 2014; Crawford et al., 2016; Kochhar, 2014; Stevenson et al., 2013). The US 

prototype-like highly virulent G2b PEDV strains almost simultaneously invaded Asian countries, 

including South Korea, Taiwan, and Japan, resulting in a massive nationwide PED epidemic 

relapse (Lee and Lee, 2014; Lin et al., 2014; Suzuki et al., 2015; Temeeyasen et al., 2014). 

 

Immunization of pregnant sows has been considered an important control measure for the PED 

epidemic and for reducing the number of deaths of suckling piglets (Langel et al., 2016). 

Feedback is one of the approaches to immunization used in PED epidemic farms, but there is no 

reliable and highly effective standardized feedback protocol (Jung and Saif, 2015; Jung et al., 

2020; Lee, 2015). If feedback is incorrectly applied to sows in PED-infected farms, the sows can 

be exposed to autogenous viruses or other pathogenic viruses from the feces or intestines of 

PEDV-infected piglets (Jung and Saif, 2015; Lee, 2015). The other approach to immunization is 

vaccination of pregnant sows or gilts with commercialized live or killed vaccines. In South Korea, 

attenuated cell culture vaccines using Korean PEDV strains such as KPEDV-9, SM98, and DR-
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13 are available on the market (Kweon et al., 1993; Kweon et al., 1999; Paudel et al., 2014; Song 

et al., 2007). The KPEDV-9 and SM98 strains are used as live or killed intramuscular vaccines, 

while the DR-13 strain is available as live oral vaccine (Kweon et al., 1999; Lv et al., 2016; Song 

et al., 2007; Tizard, 2020). Recently, live and killed G2b vaccines have recently been developed 

and are currently on the market (Jang et al., 2019). In South Korea, multiple-dose vaccination 

programs of live-killed-killed or live-live-killed-killed vaccines at 2- or 3-week intervals 

beginning before farrowing or mating are widely recommended in pregnant sows or gilts to 

maintain high levels of serum and colostrum neutralizing antibodies (Choe et al., 2020; Lee, 2015; 

Won et al., 2019). 

 

Many new PEDV variants have recently emerged and been reported (Cheun-Arom et al., 2016; 

Lee and Lee, 2014; Li et al., 2012; Wang et al., 2014a; Yang et al., 2013), and control measures 

are continuously required for these variants. Therefore, a new vaccine strain has been developed 

against these variants in South Korea and experimental success has been achieved (Lee et al., 

2015; Lee et al., 2017). However, field trials with the new vaccine are required for commercial 

use. For field trials, whether the vaccine strain will recombine with field viruses should be 

confirmed. Additionally, how to administer the vaccine to sows and/or gilts is another question. 

Based on the current knowledge and situation, the possibility of recombination of vaccine strains 

with field viruses was evaluated in this study. With the trial vaccine strain, vaccination programs 

were compared and applied to field conditions in Korea. 

 

 

Materials and methods 

 

Viruses and cells 

Vero cells (ATCC CCL-81) were cultured in alpha-minimum essential medium (Invitrogen, USA) 
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with 5% fetal bovine serum (Invitrogen) and antibiotic-antimycotic solution (100x; Invitrogen) 

and maintained at 37°C in a humidified 5% CO2 incubator. Confluent Vero cells grown in roller 

bottles for tissue culture were washed with PBS and inoculated with the vaccine seed virus KNU-

141112-S DEL5/ORF3 strain (genotype 2b) along with trypsin (Jang et al., 2019). After 

incubation at 37°C for 1 hour, BMpro-V medium (Cell Science & Technology Institute, Inc., 

Japan) supplemented with 5 μg/mL trypsin was added. The inoculated cells were cultivated at 

37°C under 5% CO2 and monitored daily for CPE. The viruses were harvested when more than 

80% of the cells showed CPE and then the virus culture fluids were stored at -70°C before they 

were used. The viral stocks of Aram-P6 and KNU-141112-P5 were prepared in cell culture and 

were used as the field virus and the challenge virus in this study, respectively. Aram-P6 and KNU-

141112-P5 were cultivated in Vero cells in the same manner as the vaccine virus. 

 

Vaccine preparation 

The virus fluids were mixed with a stabilizer aseptically and the mixture was filled in each glass 

vial. The vials that were filled with the mixture were lyophilized for 2 days using freeze-dry 

machine (HOF Sonderanlagenbau GmbH, Germany). The lyophilized vaccine bottles were sealed 

by aluminum cap, and a label was attached. All vaccine production processes were carried out at 

CAVAC. 

 

Quality control test 

Quality control tests for the vaccine for tests were carried out by the 1-2-03-01 Standard for Oral 

Porcine Epidemic Diarrhea Virus Lyophilized Live Vaccine of the Korean Standard Assay of 

Veterinary Biological Products (KSAVBP; Animal and Plants Quarantine Agent, APQA, Korea). 

The quality control tests consisted of 10 tests, including a characterization test, a vacuum test, a 

pH test, a moisture content test, a sterility test, a Mycoplasma species detection test, an extraneous 

virus detection test, a virus content test, a safety test, and an efficacy test. 
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Ethical statement 

The in vivo swine studies described here were performed at the CAVAC Animal Facility under 

the guidelines established by its Institutional Animal Care and Use Committee (approval number: 

190503-02). 

 

Coinfection test of vaccine and field strains 

Coinfection tests were performed to evaluate the possibility of recombination of the vaccine virus 

and the field strains through in vitro and in vivo conditions. 

In vitro test: The in vitro coinfection test was performed with a coinfected groups (group I), a 

vaccine virus group (group II), and an uninfected control group (group III). In group I, 0.1 

multiplicity of infection (MOI) of KNU-141112-S DEL5/ORF3 of the vaccine strain and 0.1 MOI 

of Aram-P6 of the G2b field strain were inoculated in Vero cells and harvested after 3 days of 

infection. Group II was also harvested after 3 days of observation following inoculation with 0.1 

MOI of the vaccine strain. The harvested viruses were reinoculated in the same manner and were 

passaged in vitro 5 times in succession. The recombination and mutation rates were evaluated by 

a sequence analysis of the spike and ORF3 genes of each passage of virus. 

In vivo test: The in vivo coinfection test was performed using piglets as shown in Fig. 15. Eight 

3-day-old piglets that were negative for PEDV antigen and antibody were used per passage, and 

passaging was performed five times in succession. There were three groups, a coinfection group 

(group I, n=3) and vaccine virus group (group II, n=3) and negative control group (group III, n=2), 

for each passage. Before inoculation, 1-day-old piglets were kept in the laboratory environment 

and were fed milk replacer for 2 days. In the 1st passage trial, the 3-day-old piglets of group I were 

inoculated orally with 1.0 ml of 106.5 TCID50/dose of the vaccine virus KNU-141112-S 

DEL5/ORF3 and the same amount of Aram P6 of a G2b field isolate. Group II was orally 

inoculated with 1.0 ml of 106.5 TCID50/dose of the vaccine virus. At 5 days after inoculation, 
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intestine and fecal samples were pulverized and filtered to be inoculated through the oral route 

(1.0 ml) to the piglets in the next passage trial. Fecal scores of piglets were recorded during the 

trials. Fecal consistency was scored daily as follows: 0=formed, 1=soft stool, 2=mucosal diarrhea, 

and 3=watery diarrhea. The virus content of each passage in the feces and the small intestine 

samples that were collected through necropsy 5 days after inoculation were tested by real-time 

PCR and the sequencing analyses of the spike and ORF3 gene in each passage were compared. 

 

Efficacy test for vaccination programs in sows  

The vaccine efficacy of two doses of live vaccine or two doses of live vaccine and one dose of 

killed vaccine was evaluated to in gilts and sows for the establishment of a vaccination protocol 

(Fig. 16). Twelve healthy pregnant sows of 3~5 parities that were antibody- and antigen-negative 

to PEDV were divided into two vaccinated groups (groups 1&2, n=4), a nonvaccinated/challenge 

(positive control) group (group 3, n=2), and nonvaccinated/nonchallenge (negative control) group 

(group 4, n=2). Group 1 was inoculated with one dose of a live vaccine (PED-X Live®; CAVAC) 

orally at 6 weeks and 4 weeks prior to farrowing and then inoculated with one dose of a killed 

vaccine (PED-X®; CAVAC) by intramuscularly at 2 weeks prior to farrowing (live-live-killed, 

LLK vaccination). Group 2 was administered one dose of the live vaccine orally at 6 weeks and 

at 4 weeks prior to farrowing (live-live, LL vaccination). At 3 days after farrowing, all of the 

piglets born to each sow were challenged with 6.8x102 TCID50/dose KNU-141112-P5 strain 

except group 4. The mortality rate and fecal score of the piglets were observed up to 21 dpc. Fecal 

consistency was scored daily as follow: 0=formed, 1=soft stool, 2=mucosal diarrhea, 3=watery 

diarrhea, and 4=death. 

 

Field trials  

Field trials with the PED live vaccine were carried out at three pig farms with different histories 

in PED outbreaks and PED vaccination and the farms were located in the southern part of Korea, 
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farm A, with 350 sows; farm B, with 550 sows; and farm C, with 900 sows, after approval from 

APQA. Farm A had an outbreak of PED at 8 months before the clinical trial and was vaccinated 

with a killed vaccine. Farm B had no PED outbreaks and no vaccinations for PED, and farm C 

had no PED outbreaks but was vaccinated with a killed vaccine. The safety and efficacy tests for 

gilts and sows were performed at each farm using the LL vaccination program which was 

administered orally as the live vaccine twice prior to farrowing. For the safety test, twelve 

pregnant sows were divided into a vaccinated group (n=6) and a control group (n=6). The 

vaccinated group was administered 10 doses of the live vaccine orally at 4 and 2 weeks before 

farrowing. All sows in the vaccinated and control groups exhibited clinical signs such as fever, 

hypersensitivity, abortion, and diarrhea for 14 days after vaccination and the vaccine virus 

shedding at 2, 3, and 4 days post vaccination was examined. Additionally, the production 

parameters of farms, such as the number of piglets born, the number of piglets born alive, the 

number of stillborn piglets and the number of weak piglets in both groups, were evaluated after 

farrowing. For the efficacy test, twenty gilts and sows that were negative for PEDV antigen and 

antibody were divided into vaccinated and control groups (Fig. 17). After parturition, six piglets 

per sow were randomly selected and blood was collected from the piglets to measure neutralizing 

antibody titer. 

 

Serological tests 

The presence of PEDV-specific neutralization antibodies in serum and colostrum samples was 

determined using the SN test as described previously (Okda et al., 2017). The neutralization titer 

was calculated as the reciprocal of the highest dilution of serum that inhibited virus-specific CPE 

in duplicate wells. Anti-PEDV Ig A antibodies in serum and colostrum were detected using a 

commercialized enzyme-linked immunosorbent assay (ELISA) kit (BioNote Co., Ltd., Korea) 

according to the manufacturer’s protocol. 
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Statistical analysis 

To examine significant differences in each group, diarrhea scores, weight change, antibody titer 

and viral shedding were analyzed with one-way ANOVA which uses Tukey’s post hoc test. Log-

rank (Mantel-Cox) analysis was applied in the case of survival rate, and Spearman analysis was 

used for correlation analysis of antibody titers and survival rate. 

 

 

Results 

 

Quality control of the vaccine for field trials 

Quality control of vaccines used in this study was carried out, and all of the tests satisfied the 

KSAVBP standard (data not shown). 

 

In vitro and in vivo coinfection tests 

No coinfection of the vaccine strain with field virus was confirmed in either in vitro or in vivo 

tests. In the genomic sequence analysis of the spike gene of the PEDV, which was successively 

passaged 5 times in vitro, there was no evidence of recombination between the vaccine strain and 

the field strain based on the amino acid sequence (Tables 10 and 11). In the in vivo coinfection 

test using piglets, no clinical signs were observed except in group I, which showed one piglet with 

diarrhea at 1 day and dead piglets at 3~5 days after inoculation (Fig. 18). 

There was no significant difference in the fecal shedding based on the individual animal for each 

passage (Fig. 19a). However, there was a difference in the amount of virus shed in the feces 

between the groups; group I reached at least 106.0 TCID50/ml at 3 days, and group II reached 

approximately 104.0~5.2 TCID50/ml at 5 days after inoculation (Fig. 19a). There was no difference 

in the amount of virus in the small intestine of animals at 5 days after inoculation between 

passages, even though there was a difference in the amount of virus between groups (Fig. 19b). 
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In the analysis of genomic sequences, the same genetic sequences as KNU-141112-S DEL5/ORF3 

were observed in the 1st passage in group I; however, the same sequences as Aram-P6 were found 

to be dominant after the 2nd passage. There was no evidence of recombination between the vaccine 

virus and field strain even after serial passages, and one amino acid mutation (S762Y) of the S 

gene was observed only in the field strain after the 2nd passage, whereas, the mutations in the S 

(Table 10) and ORF3 genes (data not shown) were not identified in group II. 

 

Efficacy test of vaccination programs in sows 

Typical clinical signs of PED were observed in group 3. All piglets in group 3 died up to 5 days 

after challenge. Therefore, the clinical scores of group 3 were significantly higher than those in 

the other challenged groups (Fig. 20). Additionally, higher clinical scores in group 2 were 

observed at 1~4 days after challenge; however, there was no difference in clinical scores at 5 days 

between groups 1 and 2. 

The ADG of surviving piglets was measured after the challenge. ADGs in groups 1 and 2 were 

significantly lower than those in group 4 at 3 weeks after challenge, while there was no difference 

in ADG in the experimental groups at 6 weeks after challenge (p<0.05) (Fig. 21). 

The SN titers in sows between groups 1 and 2 were not significantly different before farrowing. 

However, group 1 showed significantly higher SN titers in serum and colostrum from farrowing 

to weaning than group 2 (Table 12). All vaccinated sows were identified as positive for IgA in 

colostrum (data not shown). The SN titers in piglets were similar to or less than those in sows at 

farrowing. The SN titer in the serum of piglets at 3 days and survival rates at 21 days after 

challenge in group 1 were significantly higher than those in group 2 (Table 13). The piglets of 

group 3 died within 4 days post challenge. Regarding viral shedding in the feces of piglets, virus 

was shed in all challenged groups beginning from 1 day after challenge. The viral shedding in 

group 3 was significantly higher than that in the other challenged groups until 3 days post 

challenge, and then all the piglets died. Although group 2 showed significantly higher viral 
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shedding than group 1 until 5 days post challenge, no differences were observed in the virus 

shedding from 7 days post challenge. Viral shedding was decreased in all groups from 5 dpc (Fig. 

22). 

 

Correlations between piglet survival rates and antibody titers 

In the analysis of the correlations between PEDV-specific antibody titers and piglet survival rates, 

the survival rates of piglets were highly correlated with neutralizing antibody titers in the serum 

of sows (r=0.9318) and piglets (r=0.9664) and the colostrum in sows (r=0.8901) (Fig. 23). 

However, no correlation (r=-0.2675) was shown in the OD values of colostrum measured with a 

commercialized IgA ELISA kit (Fig. 23d). 

 

Field trials of the vaccine  

In the safety test, no clinical signs such as fever, hypersensitivity, abortion, and diarrhea, were 

observed in any vaccinated sows in all experimental farms until 14 days after the 1st and 2nd 

vaccination. Additionally, there were no significant differences in reproductive abnormalities, 

such as total piglets born, stillbirths, piglets born alive, and weak piglets, in the analysis of the 

safety test (Table 14). No vaccine strain was detected at 2, 3, and 4 days post vaccination from 

any vaccinated gilts in any experimental farm. No PEDV-specific antibody was detected in the 

nonvaccinated group of farm C during this experiment. This is a possible indication of no PEDV 

infection during this experiment. The SN titer in the gilts of the 3 farms increased from 2 weeks 

after the 2nd vaccination, whereas the antibody titer of the negative control group was negative 

(data not shown). The SN titer in pregnant sows of the 3 farms increased from 2 weeks after the 

1st vaccination and was highest at farrowing, and the SN titers in colostrum were similar to those 

in serum of pregnant sows at 2 weeks post 2nd vaccination and farrowing. The SN titer of the 

nonvaccinated groups showed a tendency to decrease in farms A and B or did not change in the 

negative control group of farm C (Fig. 24a). The vaccine virus was not detected in any vaccinated 
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sows at 2, 3, and 4 days post vaccination. The SN titers in the serum from six randomly selected 

piglets per sow were measured at birth and 1, 2, 3, 4 and 5 weeks of age. In the vaccinated group, 

a neutralizing antibody titer of piglets similar to that of sows was shown at 1 week of age and 

then decreased, resulting in a low antibody titer at 5 weeks of age. The vaccinated group showed 

a significantly higher neutralizing antibody titer than the control group during this experiment on 

all 3 farms (Fig. 24b). 

 

 

Discussion 

 

PED caused by PEDV, belonging to the order Nidovirales, family Coronaviridae, genus 

Alphacoronavirus, is a highly contagious disease in pigs and has tremendous economic effects on 

the pig industry (Jung et al., 2020; Lee, 2015). Although the virus can infect all ages of pigs, 1~7-

day- old suckling piglets showed typical clinical signs, such as severe watery diarrhea and death 

(Jang et al., 2019; Lee, 2015). Since the first report of PED, several emerging strains of PEDV 

have been identified worldwide because the virus is easily mutated to adapt to new environmental 

conditions (Baek et al., 2016; Lv et al., 2016). The global PEDV strains are divided into two 

major groups, classical and emerging PEDV based on phylogenetic analysis of their complete 

genomes. Emerging PEDV could be divided into two subgroups: non-S INDEL and S INDEL 

(Chen et al., 2016; Karte et al., 2020; Vlasova et al., 2014). In Korea, PED outbreaks have shown 

trends similar to those of international outbreaks. Since the PED outbreak in the US in 2013, the 

new genotype strains of G2b have been responsible for recent severe PED epidemics in Asian 

countries and North America (Gerdts and Zakhartchouk, 2017; Lee, 2015). Several reports 

showed that conventional vaccines with classical vaccine strains could not provide complete 

protection against variants (Na Ayudhya et al., 2012; Song et al., 2015b). In addition, Opriessnig 

et al. reported that a commercial killed vaccine with the new variant, G2b PEDV, could protect 
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pigs against homologous challenge, showing that a genotype-specific immune response may be 

important for PED protection (Opriessnig et al., 2017). Based on the current situation and 

knowledge on PED, a new vaccine strain, KNU-141112-S DEL5/ORF3, was developed, and the 

efficacy of the strain was proven in the previous study (Jang et al., 2019). However, field trials 

are needed to use the viral strain as a vaccine strain before communalization. Therefore, I report 

these results from the field trials and discuss them with previous studies. 

As the first step, risk assessment of recombination of the virus strain with field viruses was carried 

out by in vitro and in vivo coinfection tests based on the previous study (Jang et al., 2019). The 

possible doubt regarding recombination of the two viral strains was cleared by genomic analysis 

of the spike gene of the PEDV. In the second step, the vaccination protocol was evaluated in sows 

and gilts because it is known that the combination of live and killed vaccines induces a higher 

level of immunity and protection than the live vaccine alone. Additionally, in Korea, multiple 

vaccine administration is recommended in sows and gilts before farrowing to maintain elevated 

levels of neutralizing antibodies in their colostrum and serum (Choe et al., 2020; Lee, 2015). 

Therefore, two different vaccine protocols, which are two live vaccines with or without booster 

vaccination with a killed vaccine, were evaluated in sows and gilts before application to pig farms. 

Based on the several indicators related to vaccination, such as SN titers in serum and colostrum, 

survival rates and ADG of piglets, two vaccinations of live vaccine with a vaccination of killed 

vaccine were better than only two vaccination of live vaccine. However, only two vaccinations 

with live vaccine induced sufficient immune responses and protection rates, which are applicable 

to field farms in Korea. These results indicate that a killed vaccine after two live vaccine 

administrations is needed if possible. There was no correlation between IgA titer in colostrum and 

survival rates of piglets. This phenomenon might be due to the low specificity of the ELISA kit 

because the kit can measure the total amount of IgA rather than PEDV-specific IgA. In comparison 

of the vaccination protocols, ADG was affected only during the weaning period. This result means 

that even if the farm is infected with PED, the impact on piglet productivity is negligible if sows 
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are vaccinated, maintain high immune levels and normally deliver antibodies to their piglets. 

Although two vaccinations of live vaccine following one vaccination of killed vaccine was better 

in the efficacy test, the two-vaccination live vaccine protocol was used in clinical trials based on 

the cost-effectiveness for field farms. The safety test based on viral shedding in feces agreed with 

a previous report (Jang et al., 2019). Safety of the vaccine was confirmed in field farms. Antibody 

titer in colostrum is very important because pigs have an impermeable placenta (Langel et al., 

2016; Saif et al., 2019), and a previous report showed reduced mortality of suckling piglets and 

higher levels of IgA antibody by oral administration of a live attenuated vaccine (Song et al., 

2007; Tizard, 2020). In this experiment, transmission of the PEDV-specific antibodies generated 

through the LL vaccination protocol to the piglets at a level similar to that of sows was confirmed. 

Field clinical trials have many variables, unlike laboratory tests. Therefore, the three farms in 

which field trials of the vaccine were carried out have different histories of PED outbreaks and 

vaccinations to indicate the field situation in Korea and remove possible bias. There was no 

significant difference between farms in the field trials. Conclusively, the newly developed vaccine 

with the G2b Korean isolate of PEDV could be useful to control PED in the field. 
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Table 10. Amino acid sequences of the spike gene of PEDV during in vitro passage. 

Amino acid 
position of 
Del5/ORF3 

Amino acid sequences 

Reference virus  Number of passages 

Del5/ORF3 Aram-P6 P1 P2 P3 P4 P5 

2 K R K /K* K /K K /K K /K K /K 
55-56 IV IGENQGV IV/IV IV/IV IV/IV IV/IV IV/IV 

135-13 NDV --- NDV/ NDV NDV/ NDV NDV/ NDV NDV/ NDV NDV/ NDV 

208 Y N Y/Y Y/Y Y/Y Y/Y Y/Y 
224 P L P/P P/P P/P P/P P/P 
233 A V A/A A/A A/A A/A A/A 
267 T K T/T T/T T/T T/T T/T 
370 F L F/F F/F F/F F/F F/F 
378 N T N/N N/N N/N N/N N/N 
630 L F L/L L/L L/L L/L L/L 
646 K T K/K K/K K/K K/K K/K 
658 L I L/L L/L L/L L/L L/L 
883 R G R/R R/R R/R R/R R/R 
887 Q K Q/Q Q/Q Q/Q Q/Q Q/Q 
1195 M T M/M M/M M/M M/M M/M 
1282 Q E Q/Q Q/Q Q/Q Q/Q Q/Q 
1333 L F L/L L/L L/L L/L L/L 

1375-1377 HD- FEKVHVQ HD-/HD- HD-/HD- HD-/HD- HD-/HD- HD-/HD- 

Del5/ORF3, KNU-141112-S DEL5/ORF3; K/K, amino acid sequence of group I/group II 
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Table 11. Amino acid sequences of the spike gene of PEDV during in vivo passage. 

Amino acid 
position of 
Del5/ORF3 

Amino acid sequences 

Reference virus  Number of passages  

Del5/ORF3 Aram-P6 P1 P2 P3 P4 P5 

2 K R K/K* R/K R/K R/K R/K 

55-56 IV IGENQGV IV/IV IGENQGV 
/IV 

IGENQGV 
/IV 

IGENQGV 
/IV 

IGENQGV 
/IV 

135-137 NDV --- NDV/NDV ---/NDV ---/NDV ---/NDV ---/NDV 
208 Y N Y/Y N/Y N/Y N/Y N/Y 
224 P L P/P L/P L/P L/P L/P 
233 A V A/A V/A V/A V/A V/A 
267 T K T/T K/T K/T K/T K/T 
370 F L F/F L/T L/T L/T L/T 
378 N T N/N T/N T/N T/N T/N 
630 L F L/L F/L F/L F/L F/L 
646 K T K/K T/K T/K T/K T/K 
658 L I L/L I/L I/L I/L I/L 
762 S S S/S Y/S Y/S Y/S Y/S 
883 R G R/R G/R G/R G/R G/R 
887 Q K Q/Q K/Q K/Q K/Q K/Q 
1195 M T M/M T/Q T/Q T/Q T/Q 
1282 Q E Q/Q E/Q E/Q E/Q E/Q 
1333 L F L/L F/L F/L F/L F/L 

1375-1377 HD- FEKVHVQ HD-/HD- FEKVHVQ/
HD- 

FEKVHVQ/
HD- 

FEKVHVQ/
HD- 

FEKVHVQ/
HD- 

Del5/ORF3, KNU-141112-S DEL5/ORF3; K/K, amino acid sequence of group I/group II. The bold letters 

indicate mutated nucleotides based on the reference virus. 
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Table 12. Virus-neutralizing antibody titers in the serum and colostrum of sows. 

Group Sow ID 
Neutralizing antibody titers of 

Serum  Colostrum 
6 WBF 4 WBF 2 WBF Farrowing Weaning  Farrowing 

Group 1 

1 <2 32 128 256 256 ≥256 
2 <2 4 64 128 64 ≥256 
3 <2 8 64 128 128 ≥256 
4 <2 16 32 256 128 ≥256 

GMT <2 11.3±10.9* 64.0±35.1 181.0±81.0 128.0±70.1 ≥256 

Group 2 

5 <2 4 64 32 32 32 
6 <2 4 64 64 128 64 
7 <2 8 32 64 64 128 
8 <2 16 64 64 64 64 

GMT <2 6.7±5.7 53.8±16.0 53.8±16.0 64.0±40.3 64.0±40.3 

Group 3 
9 <2 <2 <2 <2 ≥256 2 

10 <2 <2 <2 <2 ≥256 2 
GMT <2 <2 <2 <2 ≥256 2.0±0.0 

Group 4 
11 <2 <2 <2 <2 <2 2 
12 <2 <2 <2 <2 <2 4 

GMT <2 <2 <2 <2 <2 2.8±1.4 

WBF, weeks before farrowing; GMT, geometric mean titer; *, average GMT ± standard deviation 
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Table 13. Virus-neutralizing antibody titers in the serum of 3-day-old piglets and the survival 
rates at 21 days post challenge. 

Group Sow ID Number of piglets SN antibody titers Survival rates (%) 
at 21 dpc 

Group 1 

1 11 112.8 100 

2 11 82.4 81.8 

3 12 95.9 91.7 

4 14 105.0 85.7 

Average 12.0 98.4±13.1* 89.8±7.9 

Group 2 

5 13 23.2 69.2 

6 11 64.0 72.7 

7 9 34.6 66.7 

8 10 34.3 70.0 

Average 10.8 36.4±17.5 69.6±2.5 

Group 3 

9 9 <2 0 

10 9 <2 0 

GMT 9.0 <2 0 

Group 4 

11 13 <2 100 

12 12 <2 100 

GMT 12.5 <2 100 

WBF, weeks before farrowing; GMT, geometric mean titer; *, average GMT ± standard deviation; dpc, day 
post challenge 
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Table 14. The results of the farm production parameters after vaccination on the 3 farms. 

Farms 
Number of piglets 

Total piglets 
born Stillbirth Piglets born 

alive Weak piglets 

A 
Vaccinated (n=10) 13.0±1.3 0.7±0.8 11.2±1.5 1.2±1.0 

Control (n=10) 13.8±2.0 1.2±0.8 11.5±1.0 1.2±1.0 

B 
Vaccinated (n=10) 12.2±1.2 0.5±0.5 11.0±1.1 1.7±0.8 

Control (n=10) 13.2±1.3 0.5±0.5 11.5±1.2 1.2±1.0 

C 
Vaccinated (n=10) 11.8±1.2 0.7±0.5 10.8±1.0 0.3±0.5 

Control (n=10) 13.0±1.1 0.7±0.5 11.8±1.3 0.7±0.5 

Total 
Vaccinated (n=30) 12.3±1.2 0.6±0.6 11.0±1.2 0.7±0.8 

Control (n=30) 13.3±1.5 0.7±0.6 11.6±1.2 1.00.8 

The number of piglets is the mean pig number from all the farms. 
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Figure 15. Experimental design of the coinfection test using piglets.  
Vaccine and field viruses were infected in the 1st challenge, and fecal and small intestine samples from each group from each necropsy were collected 
from the 2nd to the 5th passage. 
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Figure 16. Experimental design of the efficacy test for vaccination protocols.  
Piglets from vaccinated sows were challenged by the KNU-141112-P5 strain and observed for 21 days. 
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Figure 17. Experimental design of the efficacy test for field trials. 
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Figure 18. Fecal scores of piglets during 5 passages of the coinfection test. The fecal 
score index is the mean fecal score of each day post infection of each passage, and 
error bars represent the mean value ± standard deviation of the mean value. 
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(a) 

 

(b) 

Figure 19. Virus shedding in feces (a) and virus content in the small intestine (b) 
during the in vivo coinfection test for 5 passages.  
The field virus in group I and the vaccine virus in group II were detected by the 
genomic sequence analysis. The virus titers are the mean virus titers from all pigs, 
and error bars represent the mean ± standard deviation of the mean. 
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Figure 20. Clinical score index of piglets after challenge with the KNU-141112-P5 strain at 3 days old.  
The asterisk indicates a significant difference (p<0.01) 
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Figure 21. Average daily gain of piglets after challenge with the KNU-141112-P5 strain at 3 days old.  
The asterisk indicates a significant difference (p<0.01). 

 
 

  



124 

 

Figure 22. Viral shedding patterns of the KNU-141112-P5 strain in challenged piglet feces over 21 days.  
The piglets of group 3 were died at 4 dpc. The asterisks indicate statistically significant difference between group 3 and the 
other groups (p<0.01) at 1 and 3 dpc. 
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(a) (b) 

  
(c) (d) 

Figure 23. Spearman correlation analysis of piglet survival rates and SN titers in 
sow serum (a), SN titers in challenged 3-day-old piglet serum (b), VN titers in 
colostrum (c), and IgA OD values from the ELISA kit in colostrum (d). 
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Figure 24. Serum neutralization titers of pregnant sows (a) and piglets born to the 
sows (b) according to each farm in the field trial. 
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General Discussion 

 

 

PED caused by PEDV, belonging to the order Nidovirales, family Coronaviridae, 

genus Alphacoronavirus, is a highly contagious disease in pigs and results in 

tremendous economic losses in the pig industry (Jung et al., 2020; Lee, 2015). 

Although the virus can infect pigs of all ages, 1~7-day-old suckling piglets show 

typical clinical signs, such as severe watery diarrhea and death (Jang et al., 2019; 

Lee, 2015). Since the first report of PED, several emerging strains of PEDV have 

been identified worldwide because the virus is easily mutated to adapt to new 

environmental conditions (Baek et al., 2016; Lv et al., 2016). The global PEDV 

strains are divided into two major groups, classical (G1) and emerging PEDV (G2) 

based on phylogenetic analysis of their complete genomes. Several reports showed 

that most of the current conventional vaccines with classical vaccine strains could 

not provide complete cross-protection against variants (Na Ayudhya et al., 2012; 

Song et al., 2015b). In Asian pig-producing countries including Korea, G1a PEDV-

based vaccines have been extensively used to control PED for the last several 

decades. However, the emergence of a new-genotype PEDV that led to the 2013–

2014 pandemic has raised concerns regarding the efficacy of existing vaccines and 

calls for a new effective vaccine against emerging epidemic strains, especially given 

that classical G1a vaccines are not fully protective against contemporary virulent 
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G2b strains in the field. In fact, it was reported that the efficacy of PEDV vaccines 

is questionable (Lv et al., 2016; Song et al., 2015a) because of no cross-protection 

between different genotypes of PEDV. This phenomenon was confirmed by other 

research studies showing partial cross-protection of the PEDV G1a and G2b types 

(Opriessnig et al., 2017; Sato et al., 2018). 

 

Effective vaccines against recently prevalent G2b PEDV are actively under 

development around the world. However, since there is no definite animal model to 

prove the efficacy of the vaccines, most researchers have been conducting research 

on vaccine development by setting their own criteria for various efficacy assessments, 

such as fecal consistency and clinical symptoms, virus shedding, survival rates and 

antibodies against PEDV (IgA, IgG and VN) in serum and/or colostrum (Table 3). 

Thus, a meta-analysis was performed using published articles to date to determine 

whether PEDV vaccines are effective and which types of vaccine (live or killed 

vaccine) and/or which routes of administration (PO or IM) are more effective in 

preventing PEDV infection based on the various assessment criteria used in PEDV 

vaccine development studies reported to date. In the selected articles, the efficacy of 

PEDV vaccines was investigated by various methods such as fecal scoring, survival 

rates, virus shedding, antibodies against PEDV in the serum and/or colostrum of pigs 

by comparing with nonvaccinated control groups. Of the criteria, fecal scores and 

survival rates were used in this analysis because these are the only criteria commonly 

available in the selected articles. The results of the heterogeneity analysis confirmed 
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that there was severe heterogeneity when using the fecal scores for analysis. The 

reasons could be speculated to be due to different time intervals of challenge after 

vaccination, different ages of pigs on the challenge day, different pathogenicity of 

the challenge virus and various concentrations and doses of the virus for challenge. 

In contrast, there was low heterogeneity when it was analyzed using the survival rate 

data after challenge. This result might be due to the determination of effective viral 

doses for challenges that could induce death of pigs in the unvaccinated group before 

the trial through preliminary experiments. To analyze the difference in the efficacy 

of PEDV vaccines based on vaccine type or vaccination route, vaccines were 

classified into killed vaccine and live vaccine and IM and PO, respectively. No 

significant difference was found in both cases (p<0.05). However, the Q-statistic 

seems likely to produce negligible findings at the significance level of 0.05 between 

studies with heterogeneity, and thus it is generally accepted to use the significance 

level of 0.1 as suggested by Fleiss in meta-analysis (Fleiss, 1986). Based on the fecal 

scores showing high heterogeneity, the results of the analysis showed that the effect 

sizes of the live vaccine and the killed vaccine were 3.129 and 1.675, respectively, 

and a significant difference between the two groups was confirmed (p=0.071). In 

other words, it was confirmed that the live vaccine had a greater effect size than the 

killed vaccine. In addition, there was no significant difference in the effect of 

intramuscular and oral vaccination even at the significance level of 0.1, but the effect 

size of the meta-analysis tended to be higher in oral vaccination than in intramuscular 



130 

vaccination (Table 8). Those results supported the promise in the development of an 

attenuated live oral vaccine to control the global epidemic of PEDV G2b. 

 

Because of the impermeable placenta membrane in pigs, piglets are born 

immunologically immature or agammaglobulinic and are thus easily susceptible to 

a wide variety of infections. Newborn piglets rely entirely on colostrum and milk 

antibodies for maternal lactogenic immunity (Saif and Jackwood, 1990). In order to 

effectively stimulate a local immune response that is passively transmitted to 

suckling piglets via colostrum and milk, various enteric pathogens, like PEDV, need 

live viruses to migrate to the intestine and reproduce to enable the gut-associated 

mucosal system (Langel et al., 2016). Although natural infection or oral live virus 

vaccination may give rise to sufficient mucosal or lactogenic immunity, 

intramuscular administration is known to induce a systemic immune response that 

provides little lactogenic immunity to piglets (Chattha et al., 2015; Langel et al., 

2016). Considering these points in the design of the PEDV vaccine, the development 

of live next-generation vaccines that can be administered by oral route is essential 

for effective PED control in the swine industry. 

Korean researchers have recently successfully achieved the development of the cell 

culture-attenuated G2b strain S DEL5/ORF3, which is genetically stable and 

homologous to the global G2b field strains and immunogenically comparable to the 

parent virus (Lee et al., 2017). In this study, the safety and efficacy of the S 

DEL5/ORF3 strain as an MLV vaccine candidate were evaluated under experimental 
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conditions. A recent study found that giving sows twice-killed G2b vaccines (KK 

vaccination) increased the survival rate of piglets against G2b challenge from 0 to 

93% and reduced the severity and morbidity of diarrhea, including the fecal release 

of PEDV (Baek et al., 2016). In light of these results, the maternal LKK vaccinations 

used in this study was more effective than KK treatment in terms of absolute 

improvement in survival and significant reduction in diarrheal severity, including the 

quantity and duration of viral shedding in feces. The significantly shorter duration 

of PEDV fecal shedding and substantially decreased titers would reduce the 

environmental burden of the farrowing room by effectively eliminating the direct 

source of transmission of the virus, although the LKK vaccination of sows still did 

not completely prevent morbidity in piglets after challenge. 

Several studies on enteric virus vaccines have reported that parenteral killed booster 

vaccines may increase and maintain mucosal or lactogenic immunity following an 

effective priming of the intestine by natural infection or oral attenuated vaccines 

(Jafari et al., 2014; John et al., 2014; Langel et al., 2016). The use of classical G1a 

MLV vaccines or feedback for prime-boost maternal vaccination strategies has been 

generally considered capable of stopping continuous devastation in the field since 

the overwhelming PED epidemic in 2013–2014, given the lessons from this 

approach and the unavailability of an effective G2b-based MLV vaccine. However, 

PEDV vaccination strategies based on historical G1a strains may create beneficial 

immune environments for the survival of epidemic G2b strains, which would 
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continue to evolve to escape the host immune system under relieved immune 

pressure. 

The result indicated that this live attenuated vaccine has a more preventive effect 

than killed vaccines. The present study showed that after five consecutive back 

passages in newborn piglets, the fully attenuated phenotype of the S DEL5/ORF3 

strain is not converted. Vaccination and challenge studies showed that sow 

immunization with an oral prime-parenteral boost LKK regimen provides piglets 

with protective lactogenic immunity, thus completely avoiding mortality, 

significantly reducing morbidity and fecal shedding, and sustainably maintaining the 

performance of piglet growth after exposure to virulent PEDV. 

 

A new vaccine strain, KNU-141112-S DEL5/ORF3, was developed, and the efficacy 

of the strain was proven in the previous study (Jang et al., 2019). As field trials are 

needed to use the viral strain as a vaccine strain prior to commercialization, the safety 

and efficacy of the vaccine were evaluated in the field. Before the field trial, risk 

assessment of the recombination of the virus strain with field viruses was carried out 

in in vitro and in vivo coinfection tests. The possible doubt as to the recombination 

of the two viral strains was cleared by the genomic analysis of the PEDV spike gene. 

In addition, the two vaccination protocols were evaluated in sows and gilts, since it 

is known that the combination of live and killed vaccines induces a higher level of 

immunity and protection than the live vaccine alone. Based on several vaccination-

related indicators, such as serum and colostrum SN titers, survival rates, and piglet 
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ADG, the LLK and LL vaccination were both effective. However, although the LLK 

vaccination was shown to be more effective in the trial, the LL vaccination was 

applied in the field trial due to its cost-effectiveness for farms. In this experiment, 

the transfer of PEDV-specific antibodies generated by the LL vaccination protocol 

to piglets at a level similar to that of sows was confirmed. Field clinical trials may 

have a number of variables, unlike laboratory tests. Therefore, the field trials were 

carried out at three farms with different histories of PED outbreaks and vaccinations. 

The results of the field trials showed no significant difference between farms. 

Conclusively, the newly developed vaccine with the G2b Korean isolate of PEDV 

may be used to control PED in the field. 

 

In summary, the meta-analysis indicated that attenuated live vaccines showed a 

higher effect size than the killed vaccines, and the oral route tended to be more 

effective than the parenteral vaccine. Based on the results of the analysis, animal 

studies were conducted under experimental and field conditions. Results from these 

studies suggested that an attenuated live vaccine developed using S DEL5/ORF3 by 

serial passage of Korean PEDV G2b isolate might be useful for a control measure 

on PED. 
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General Conclusion 

 

 

PED has been known as a devastating disease in pigs since the first report in Europe. 

Emerging PEDV variants have caused serious economic losses to the global pig 

industry since the PED outbreak in the United States in 2013. Moreover, protective 

efficacy in vaccines produced with classical strains were doubted due to the absence 

of cross-protection to the emerging PEDV variants. Therefore, new control measures 

against the variants were urgently needed through the development of a vaccine to 

protect against the emerging PEDV. After the emergence, several research studies 

have been conducted for this purpose.  

Based on this knowledge and background, a new vaccine was developed with highly 

virulent PEDV G2b Korean isolate and the safety and efficacy of the vaccine were 

evaluated in experimental and field conditions in this study. Furthermore, articles 

related to vaccine development with PEDV were systemically reviewed and the 

efficacy of the vaccines was analyzed by meta-analysis. 

 

1. PEDV vaccine-related articles were collected and systemically reviewed. 

Although several types of vaccines were developed with PEDV, the 

vaccines could be classified into two categories: inactivated vs. live 

attenuated. Administration routes of the vaccines were also divided into two 
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categories: intramuscular vs. oral. Of the articles, studies with challenge 

tests to evaluate the efficacy of vaccines against PEDV were selected and 

analyzed using a meta-analysis. The analysis indicated that the vaccinated 

group had a larger effect size compared to the non-vaccinated group. 

Although there was no statistically significant difference in efficacy of 

vaccine by types (inactivated vs. live attenuated) or administration route 

(intramuscular vs. oral), vaccination with live attenuated PEDV through oral 

route tended to have a larger effect than others. 

 

2. A vaccine strain, KNU-141112-S DEL5/ORF3, was developed with a 

highly virulent PEDV G2b Korean isolate through serial passages in Vero 

cells and the safety and efficacy of the strain was evaluated in pigs to 

determine the potential of the vaccine strain. The results demonstrated that 

the live attenuated PEDV strain, KNU-141112-S DEL5/ORF3, might be 

used as a vaccine strain to control PED by showing no reversion to virulence 

in pigs and induction of durable maternal lactogenic immunity for passive 

piglet protection. 

 

3. Stability of the vaccine strain and development of vaccination protocol were 

carried out with the newly developed PED strain and clinical trials were also 

conducted in three pig farms. No mutant of the vaccine strain was detected 

in both in vitro and in vivo tests. The protocols designed in this study (LLK 
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vs. LL) were similar in the reduction of clinical signs and viral shedding in 

piglets after challenge. In the clinical trials, the safety of the vaccine was 

confirmed in sows and higher amounts of neutralizing antibodies against 

PEDV were detected in sera and colostrum. The results suggested that the 

new vaccine developed with a highly virulent PEDV G2b Korean isolate 

might be used as an effective vaccine to prevent PED in the field. 

 

Conclusively, the possibility of a live attenuated vaccine by oral route was 

discovered through a systematic review and meta-analysis of PED vaccine-related 

articles. Based on the knowledge and current field situation of PED, a new vaccine 

strain, KNU-141112-S DEL5/ORF3, was developed with a highly virulent PEDV 

G2b Korean isolate and the vaccination route was also determined as oral 

administration based on the experimental and field trials of the vaccine. The results 

suggest that the vaccine developed in this study could be a useful control measure 

against PED in the field. 
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국문초록 

 

고병원성 돼지 유행성 설사병 바이러스 유전형 2b를 

이용한 새로운 약독화 경구 백신의 개발 및 평가 
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수의학과 수의미생물학전공 

 

 

돼지 유행성 설사병 (PED)은 수양성 설사, 구토, 심한 탈수, 특히 신생 

자돈에서 높은 폐사율을 유발하는 전염성이 매우 높고, 치명적인 

질병이다. 1971년 영국에서 처음 확인된 PED는 유럽보다 아시아의 

양돈산업에 심각한 피해를 입혀왔다. 그러던 중 2013년 새로운 

유전형의 PED가 미국에서 발병된 이후, 주변 국가는 물론, 아시아와 

유럽으로 빠르게 확산되어 전세계 양돈산업에 커다란 위협을 가하고 

있다. 새로운 유전형의 PEDV가 전세계적으로 유행하고 있으나 PED에 

대한 예방 조치, 특히 백신에 대한 많은 논쟁으로 인해 PED 예방 접종 

방법은 더욱 혼란스러운 상태이다. 
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본 연구의 첫 단계에서는, 기존의 발표된 PED 백신 효능 결과를 

체계적 검토 및 메타분석을 통해 비교 분석하였다. 이 결과에 따르면, 

PED 백신 접종은 백신의 유형이나 접종 경로에 관계없이 질병예방에 

효과를 보였다. 하지만, 약독화 생백신과 경구접종 방법이 다른 

방법보다 더 효과적인 경향을 보였다. 이러한 결과는 약독화 생백신을 

경구 투여하는 방법이 PED 관리에 더욱 효과적일 것이라는 점을 

암시한다. 

 

두 번째 단계에서는 연속 계대 배양 방법을 통해 한국의 고병원성 

PEDV 유전형 2b 분리주를 새로운 백신주(KNU-141112-S 

DEL5/ORF3)로 개발하여, 자돈에 대한 안전성과 효능성을 평가하였다. 

자돈을 이용한 5번의 역계대 배양 동안 백신주의 병원성은 회복되지 

않았다. 또한 공격접종시험에서 백신을 접종하지 않은 그룹의 자돈은 

모두 폐사한 반면, 백신 접종 그룹에서는 분변을 통한 PEDV 배출, 

설사 및 폐사가 현저히 감소되었다. 또한, 면역된 모돈의 혈청과 초유 

그리고 그 모돈에서 태어난 자돈의 혈청에서 PEDV에 대한 높은 

수준의 항체가 확인되었다. 이러한 결과는 약독화된 KNU-141112-S 

DEL5/ORF3주가 효과적인 1차 생백신으로 적합할 수 있음을 

시사한다. 

 

마지막 단계로, 새로운 PED 백신주를 사용한 백신의 효능을 야외 

임상시험을 통해 평가하였다. 농장에서의 백신주와 야외 바이러스의 

재조합 가능성을 확인하기 위하여 in vitro 및 in vivo에서 동시 감염 

시험을 실시하였고, 그 결과 재조합 바이러스는 발견되지 않았다. 세 

곳의 양돈장에서 실시된 안전 및 효능 시험에서, 백신을 접종한 

후보돈은 PED와 관련된 어떠한 임상증상이나 이상반응을 보이지 
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않았고, 분변에서도 백신주는 검출되지 않았다. 백신을 접종한 후보돈과 

모돈에서 높은 역가의 PEDV 특이 중화항체가 유도되었으며, 비슷한 

수준의 항체 역가가 자돈에서도 확인되었다. 이번 임상시험 결과로, 

고병원성 국내 PEDV 분리주를 이용해 새로 개발된 백신은 PED에 

대한 효과적인 예방 수단임을 확인할 수 있었다. 

 

결론적으로, 자돈의 생존율과 분변점수를 기반으로 한 이전 연구들을 

분석한 결과, 약독화 생백신을 경구 투여하는 방법이 PED를 

예방하는데 더욱 효과적인 것으로 보인다. 이러한 과학적인 근거와 현재 

PED 유행 상황을 바탕으로 고병원성 PEDV 국내 분리주를 연속 

계대하여 새로운 백신주인 KNU-141112-S DEL5/ORF3를 

개발하였고, 자돈에 대한 안전성과 효능성 및 야외 농장에서의 효능을 

평가하였다. 이 연구를 통해 새로 개발된 백신이 PED에 대한 효과적인 

관리 수단으로써 잠재력이 있다는 것을 보여주었다. 

 

 

핵심어: 돼지 유행성 설사병, G2b형 약독화 생백신, 백신 효능, 체계적 

검토 및 메타분석 
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