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Industry Summary:  

Porcine epidemic diarrhea virus (PEDV) was first detected in the US in 2013. 

After its introduction, PEDV rapidly spread throughout the country, causing the 

deaths of over 7 million piglets and resulting in significant economic losses to the 

swine industry. The major factors that contributed for the rapid spread of PEDV in 

the US were the lack of vaccines and the limited knowledge regarding pathways of 

transmission and dissemination. A little over a year after the first detection of PEDV, 

two vaccines received conditional license from the USDA and are available to pork 

producers in the country. However, the efficacy of these vaccines in the field, is still 

unknown.  

 

In the 2015 the National Pork Board requested proposals for the development 

of novel vaccine strategies for Swine enteric coronavirus disease targeting PEDV and 

PDCoV. The goal of the project that we proposed was to develop a vector vaccine 

delivery platform to control SECD in swine.  

 
Objective 1: To develop a poxviral-vector encoding the spike proteins of porcine 

epidemic diarrhea virus.  

Objective 2: To assess the immunogenicity and protective efficacy of the poxviral 

vectored PEDV vaccine candidate in pigs.  
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 By using the parapoxvirus Orf virus (ORFV) as our vaccine delivery platform, 

we developed a recombinant virus expressing the PEDV spike (S) protein. The S 

protein of PEDV is the main target of neutralizing antibodies against PEDV, therefore 

representing a good candidate for vaccine development. Initially, we tested our 

recombinant ORFV-PEDV-S candidate in 3-week-old weaned piglets focusing on 

assessing its ability to induce immune responses in immunized animals and in 

conferring protection against oral PEDV infection. Results from this pilot study 

demonstrated that the ORFV-PEDV-S was capable of eliciting immune responses in 

vaccinated pigs and to protect against clinical signs of PED. Additionally, animals 

immunized with the recombinant ORFV-PEDV-S vaccine candidate, excreted lower 

amounts of virus in the environment.  

  

The ultimate goal of our research was to evaluate the capability of the ORFV-

PEDV-S vaccine candidate to induce lactogenic immunity in piglets born to 

vaccinated pregnant gilts. PEDV negative gilts received three doses of the ORFV-

PEDV-S vaccine candidate during pregnancy (3-week intervals) with the last dose 

being administered 2 weeks prior to farrowing. One the two groups immunized with 

the ORFV-PEDV-S candidate was also exposed to live PEDV orally on day 31 post 

immunization, after the second dose of the vaccine candidate. Serological responses 

induced by immunization were assessed in the serum, colostrum and milk of 

immunized gilts. Additionally, transfer of immunity from immunized dams to their 

piglets was evaluated by measuring PEDV specific antibodies in serum of these 

piglets. The protective efficacy of the vaccine candidate was also evaluated by 

challenge infection studies of the piglets on day 7 post-birth.  

 

 Interestingly, results from these studies showed that immunization of pregnant 

gilts with ORFV-PEDV-S results in immune responses to PEDV that are transferred 

to piglets through colostrum and milk. The resultant immunity provides partial 

protection to piglets born to immunized gilts as evidenced by reduced mortality rates 

in immunized groups when compared to control animals. Additionally, piglets born to 

immunized gilts presented lower clinical scores when compared to those born to non-

immunized control gilts.  

 

Contact information: Diego G. Diel 

         Box 2175 North Campus Dr 

        South Dakota State University 

        Brookings, SD 57007 

        E-mail: diego.diel@sdstate.edu 

                Phone: 605-688-6645 

 

Keywords: vaccines, PEDV, lactogenic immunity.   

 

 
Scientific Abstract:   

The goal of this study was to develop a novel vectored vaccine candidate for swine 

enteric coronavirus disease. We developed a recombinant Orf virus expressing the full 

mailto:diego.diel@sdstate.edu
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length PEDV spike protein and assessed the immunogenicity of the virus in swine. 

Initially, expression and stability of the S protein of PEDV inserted in the genome of 

ORFV was investigated in vitro. Immunofluorescence and western blot assays 

demonstrate efficient expression of the full length S protein by the recombinant 

ORFV-PEDV-S. Intramuscular immunization of 3-week-old weaned piglets with 

ORFV-PEDV-S resulted in serum IgG, IgA and neutralizing antibody responses. 

Additionally, IM immunization with the recombinant ORFV-PEDV-S virus protected 

pigs from clinical signs of porcine epidemic diarrhea (PED) and reduced virus 

shedding in feces upon challenge infection. 

 The ability of the recombinant ORFV-PEDV-S to elicit lactogenic 

immunity was also investigated. For this, pregnant gilts were immunized with the 

recombinant ORFV-PEDV-S and the levels of PEDV-specific antibodies were assessed 

in serum, colostrum and milk of immunized gilts. Piglets were challenged on day 7 

post-birth with a virulent strain of PEDV and parameters of infection and disease 

were monitored daily. Immunization with the recombinant ORFV-PEDV-S induced 

PEDV-specific IgG, IgA and neutralizing antibody responses in pregnant gilts that 

were passively transferred to piglets through colostrum and milk. Additionally, piglets 

born to immunized gilts presented lower clinical scores and mortality rates when 

compared to control piglets. These results provide evidence of the potential of ORFV 

as a vaccine delivery vector for enteric viral diseases of swine.  

 

 
 
Introduction:   

 

Coronaviruses (order Nidovirales, family Coronaviridae, subfamily 

Coronavirinae) are enveloped single-stranded, positive sense RNA viruses that have 

been associated to respiratory, enteric, hepatic, and/or neurological disease in 

multiple animal species and in humans1. A recent reclassification has been proposed 

for the Coronavirinae, and viruses have been placed into four genera consisting of 

Alphacoronavirus, Betacoronavirus, Gammacoronavirus and Deltacoronavirus2. Viruses 

of the Alpha-, Beta-, and Deltacoronavirus genera have been associated with enteric 

and/or respiratory disease in swine3–6. Most notably, porcine epidemic diarrhea virus 

(PEDV; Alphacoronavirus), has been recently associated with significant economic 

losses to the US pork industry due to severe diarrhea and mortality in young 

piglets7,8. PEDV was exotic to the US and was first detected in the country in 20137,8.  

  

After its initial detection in the US, PEDV has spread rapidly throughout the 

country leading to outbreaks of PED in over 30 states and resulting in the death of 

more than 7 million piglets9. Reported mortality rates vary between 50 to 100% in 

suckling piglets. Although PED is more severe in young animals, the virus infects 

animals of all age groups resulting in high morbidity enteric disease10. These 

observations highlight the need for improved prevention and control strategies for 

PEDV. Effective vaccines are critical for sustainable control programs for PEDV.    
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The goal of the present study was to develop a vetored vaccine candidate 

to control PEDV. This proof-of-concept vaccine candidate was based on the 

parapoxvirus Orf virus (ORFV) expressing the full-length spike (S) protein of PEDV. 

The spike is an envelope glycoprotein responsible for virus binding (S1) and fusion 

(S2), and it is the main target of neutralizing antibodies 11–13. Our approach took 

advantage of the immunomodulatory properties of the parapoxvirus ORFV and its 

ability to induce protective immune responses against viral agents of swine 14–19.  

 

ORFV has been long used as a preventive and therapeutic agent in veterinary 

medicine due to unique immunomodulatory properties of the virus 15,20–23. Most 

importantly, ORFV has been successfully used as a recombinant vaccine delivery 

vector in swine 24–26. ORFV recombinants expressing Pseudorabies virus glycoproteins 

gC or gD induced protective immunity against Pseudorabies virus infection 27, while a 

recombinant ORFV expressing the classical swine fever virus E2 glycoprotein 

protected swine from CSFV challenge 24. Although, ORFV-vectored vaccine candidates 

has been shown effective for several viral pathogens affecting pigs, our study was the 

first to assess its efficacy against an enteric pathogens of swine. The objectives of our 

study were: 

 

Objective 1: To develop a poxviral-vector encoding the spike proteins of porcine 

epidemic diarrhea virus.  

Objective 2: To assess the immunogenicity and protective efficacy of the poxviral 

vectored PEDV vaccine candidate in pigs.  

 
Materials & Methods:   
 

Generation and characterization of the ORFV-PEDV-S recombinant virus. The 

full length PEDV Spike coding sequences were inserted into the ORFV121 locus 16 of 

the ORFV genome by homologous recombination between the parental ORFV strain 

IA82 and the recombination cassette pZGFP-121PEDV-S 28. The presence of PEDV-S 

and absence of ORFV121 sequences in the purified recombinant virus were confirmed 

by PCR screening. PCR amplicons were analyzed by electrophoresis in 1% agarose 

gels. Insertion and integrity of the PEDV full-length spike sequences were confirmed 

by whole genome sequencing using the Nextera XT DNA library preparation kit 

(Illumina, San Diego, CA) followed by sequencing on the Illumina Mi-Seq sequencing 

platform (Illumina, San Diego, CA) . 

  

Assessing expression of PEDV S by the recombinant ORFV-PEDV-S. Expression of 

PEDV S by the ORFV-PEDV-S recombinant virus was assessed by 

immunofluorescence (IFA) and western blot assays. For the IFA assays a PEDV spike 

specific monoclonal antibody was used while in the WB a His-tag specific antibody 

was used to develop the blots 28.  
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Growth curves. Replication properties of ORFV-PEDV-S recombinant virus were 

assessed in vitro. OFTu and PK15 cells were cultured in 6-well plates, inoculated with 

ORFV-PEDV-S (MOI = 0.1 [multi-step growth curve] and MOI = 10 [single-step growth 

curve]) and harvested at various time points post-infection (6, 12, 24, 48, and 72 h 

p.i.). Virus titers were determined on each time point using the Spearman and 

Karber’s method 29 and expressed as tissue culture infectious dose 50 (TCID50)/mL.  

 

Pilot animal immunization-challenge studies in 3-week old weaned piglets. The 

immunogenicity and protective efficacy of the ORFV-PEDV-S recombinant virus were 

assessed during a pilot study conducted in 3-week-old weaned pigs. The efficacy of 

the vector was evaluated by two immunization routes: transcutaneous (TC) and 

intramuscular (IM). The TC route was explored here because it has been shown to 

induce mucosal and systemic immunity in mice and humans (40), and because of the 

natural tropism of ORFV for keratinocytes in the natural host 32. Sixteen 3-week-old 

pigs, seronegative for PEDV, were randomly allocated to four experimental groups as 

follows: Group 1, sham-immunized/mock-challenged (n = 4); Group 2, ORFV-PEDV-

S-immunized/PEDV challenged (n = 4); Group 3, ORFV-PEDV-S-immunized/PEDV 

challenged (n = 4); and Group 4, sham-immunized/PEDV challenged (n = 4) (Table 1). 

Animals from groups 1 and 4 were immunized with a control ORFV vector expressing 

GFP (ORFV-GFP) and received half dose via the TC- (1 mL) and the other half via the 

IM route (1 mL). Animals from group 2 were immunized with the ORFV-PEDV-S 

recombinant virus via the TC route only, while animals in group 3 were immunized 

by the IM route. Intramuscular immunization was performed by injection of 2 mL of a 

virus suspension containing 107.38 TCID50/mL in MEM into the neck. For the TC 

immunization the skin of the inguinal region was scarified with a sterile scalpel blade 

and the virus suspension containing 107.38 TCID50/mL in MEM was applied topically 

to the scarified skin area using a sterile cotton swab (~4 cm2). All animals were 

immunized on day 0 and received two booster immunizations on days 21 and 45 

post-primary immunization. Booster immunizations (TC and IM) were performed by 

scarification or infection in sites adjacent (3-5 cm) to original immunization sites.  

Serum samples were collected on days 0, 7, 14, 21, 35, 42, 49, 53, 56 and 60 post-

immunization. 

 Challenge infection was conducted to evaluate the efficacy of recombinant 

ORFV-PEDV-S virus. On day 60 post-immunization, animals from Group 1 received 2 

mL of MEM orally (mock-challenge), while animals from groups 2, 3 and 4 were 

challenged orally with a virus suspension containing 2 x 105 TCID50 of PEDV strain 

CO13. Animals were monitored daily for clinical signs of PED. Clinical signs were 

recorded and individual daily scores assigned to all animals based on the following 

criteria: 0 = normal feces, 1 = pasty feces, 2 = moderate diarrhea (semi-liquid), 3 = 

diarrhea (liquid), 4 = severe diarrhea (very liquid), 5 = watery diarrhea (profuse 

diarrhea) (de Arriba et al>, 2002b). Mean daily group scores were calculated and 

compared among different treatment groups. Fecal swabs were collected on day 0, 3, 

5, 7, 9, 11 and 14 post-challenge to assess virus shedding in feces. Serum samples 

were collected on days 0, 3, 7, 10 and 14 post-challenge to evaluate humoral and cell 

mediated responses. All animals were euthanized on day 14 post-challenge. Animal 
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immunization-challenge studies were conducted at SDSU Animal Resource Wing 

(ARW), following the guidelines and protocols approved by the SDSU Institutional 

Animal Care and Use Committee (IACUC approval no. 15-063A). 
 
Assessing the potential to induce lactogenic immunity through immunization 

with ORFV-PEDV-S. The potential for the ORFV-PEDV-S to induce lactogenic 

immunity and protection in piglets was evaluated. For this, six naïve pregnant gilts 

were randomly allocated into three experimental groups as follows: Group 1: sham-

immunized control (n=2); Group 2: ORFV-PEDV-S-immunized (n=2); and Group 3: 

ORFV-PEDV-S immunized/PEDV-exposed (n=2). The goal here was to evaluate 

whether the ORFV-PEDV-S could provide lactogenic immunity and protection in 

piglets on its own, or whether it would need an additional boost from natural PEDV 

infection. Pregnant gilts were immunized with three doses of ORFV-PEDV-S via the 

IM route at 21 day intervals with the last dose being administered 2 weeks pre-

farrowing. Additionally, gilts from Group 3, were exposed to live PEDV virus (2 x 105 

TCID50) orally on day 35 post-immunization (after the second dose with ORFV-PEDV-

S). Serum samples were collected from immunized gilts on days 0, 21, 28, 35, 42, 49, 

54, 60 (day of farrowing), 63, 67, 70 and 74 post-immunization. 

 The gilts farrowed between days 54-56 post-immunization and serum, 

colostrum and milk were collected from the gilts at the time of farrowing (day 1) and 

on days 3, 7, 10, 14 and 17 post-farrowing. Additionally, serum samples from the 

piglets were collected on days 1 (pre-colostrum), 3, and 7 of life.  

 Piglets born to gilts from Group 1 (n=24), Group 2 (n=24) and Group 3 (n=24) 

were challenged orally with a virus suspension containing 2.5 x 102 TCID50 of PEDV 

strain CO13. Animals were monitored daily for clinical signs of PED and clinical signs 

recorded daily for each treatment group. Serum samples and rectal swabs were 

collected from piglets on days 7, (day 0 post-challenge; dpc), 10 (3 dpc), 14 (7 dpc) 

and 17 (10 dpc).  
 
 

Antibody isotype ELISAs. PEDV specific IgG and IgA antibody responses elicited by 

immunization with the recombinant ORFV-PEDV-S virus in 3-weeek-old weaned 

piglets and in gilts were assessed by S indirect ELISAs. Optimal assay conditions 

(amount of antigen, serum and secondary antibody dilutions) were determined by a 

checkerboard titration. Polystyrene microtiter plates (Immunolon 1B, Thermo 

Scientific, Waltham, MA) were coated with the appropriate antigen (S, 100 ng/well) in 

bicarbonate/carbonate coating buffer (15 mM sodium carbonate, 35 mM sodium 

bicarbonate, pH 9.6) in alternate wells. After incubation at 37oC for 1 h, plates were 

washed four times with PBS tween 20 (PBS-T, 0.05%) and blocked overnight at 4oC 

with PBS-T 5% non-fat dry milk. Blocking reagent was removed and plates washed 

three times with PBS-T (300 µl). Test and control serum samples were diluted (1:50) 

in PBS-T 5% non-fat dry milk, and 100 µl of diluted samples were added to paired 

coated and uncoated control wells and incubated at room temperature for 1 h. 

Unbound antibodies were washed with PBS-T (three times) and plates incubated with 

biotinylated secondary antibodies against swine IgG or IgA (Bethyl Laboratories, TX) 

followed by incubation with streptavidin-HRP conjugate (Pierce, Rockford, IL). 
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Reactions were developed with 3,3’,5’5’ – tetramethylbenzidine substrate (TMB) (KPL 

Inc., Gaithersburg, MA) and OD values determined at 450 nm using a microplate 

reader (BioTek Instruments Inc., Winooski, VT). OD values for each test and control 

samples were normalized to the OD value of uncoated wells and results expressed as 

sample to positive (S/P) ratios that were calculated as follows: S/P = optical density 

(OD) of sample – OD of buffer/OD of positive control – OD of buffer. All assay formats 

were pre-validated at the SD ADRDL using serum samples from animals of known 

serological status. 

 A whole virus ELISA was also developed to detect PEDV specific IgA responses 

in the intestinal content of piglets prior to challenge with PEDV. Piglets from Group 1 

and 3 were euthanized on day 7 of life (prior to challenge with PEDV) and the 

contents from the small intestine collected and stored at -80oC. Samples were 

processed in PBS (10% dilution) and tested for PEDV specific IgA antibodies in a with 

some modifications in the protocol described above for serum. Blocking of ELISA 

plates coated with whole virus UV inactivated PEDV was performed for 2 h at 37oC 

and diluted (10%) fecal contents incubated with plates overnight at 4oC. Washing 

steps and development were performed as above. It is important to note that ony 24 

piglets were born from gilts in group 2, therefore no piglets from Group 2 were 

euthanized for intestinal content collection.  

 

Fluorescent microsphere immunoassays (FMIA). PEDV specific IgG and IgA 

antibody responses in colostrum and milk were assessed by an S FMIA assay. 

Optimal assay conditions (amount of antigen, colostrum/milk and secondary 

antibody dilutions) were determined by a checkerboard titration. Assay was 

performed according to previously established protocols at the SDSU ADRDL34. 

 

Fluorescent focus neutralization assay. Neutralizing antibody responses elicited by 

immunization with the recombinant ORFV-PEDV-S were assessed by fluorescent 

focus neutralization assay (FFN) as previously described 34. Endpoint neutralizing 

antibody titers were determined as the highest dilution of serum capable of reducing 

90% of PEDV fluorescent foci relative to negative control samples. A FFN titer <20 

was considered negative. 

 

Viral RNA extraction and real-time RT-qPCR. Viral nucleic acid was extracted from 

fecal swabs using the MagMAX viral RNA/DNA isolation kit (Life Technologies, 

Carlsbad, CA) following the manufacturer’s instructions. Shedding of PEDV in feces 

was assessed using a commercial multiplex real-time RT-PCR (RT-qPCR) kit targeting 

the spike gene of PEDV, and other enteric coronaviruses including transmissible 

gastroenteritis virus (TGEV) and porcine deltacoronavirus (PDCoV) (EZ-

PED/TGE/PDCoV MPX 1.0, Tetracore Inc., Rockville, MD) or an in-house RT-qPCR 

assay targeting PEDV N and S protein genes. Genome copy number per mL were 

determined using the relative standard curve method. All calculations were performed 

using a 4-parameter logistic regression curve. RT-qPCR tests were performed at the 

SDSU Animal Disease Research and Diagnostic Laboratory (ADRDL). 
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Results:   

 

Characterization of recombinant ORFV-PEDV-S. A recombinant poxvirus 

expressing the full-length PEDV spike protein was generated by homologous 

recombination. The recombinant virus containing the PEDV-S sequences was 

selected/purified by limiting dilutions followed by plaque assays. Insertion of PEDV-S 

gene into the ORFV genome was confirmed by PCR using spike specific primers 

(Figure 1A) and DNA sequencing (data not shown).  

 

 
 

Expression of PEDV spike protein by the recombinant virus was assessed by 

immunofluorescence and western blots using anti-PEDV spike monoclonal antibody 

(HV-37-11) and anti-Histidine Tag mAb, respectively (Figure 1B). A His-tag epitope 

sequence was added at the N- and C- terminus of the spike to facilitate detection of 

expressed protein. Figure 1A and 1B shows efficient expression of PEDV spike by the 

recombinant ORFV-PDV-S virus.  

 

The replication properties of the recombinant virus were assessed in ovine (ovine fetal 

turbinate cells) and porcine cells (swine testicle [ST] cells). The recombinant virus 

presented normal replication kinetics in natural host ovine turbinate cells, whereas a 

marked growth defect was observed in swine cells (Figure 2). These findings are 

consistent with results that we obtained with wild type ORFV and other recombinant 

ORFV viruses in swine cells (data not shown). 
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Immunogenicity and protective efficacy of ORFV-PEDV-S in weaned pigs. The 

immunogenicity and protective potential of the recombinant ORFV-PEDV-S virus was 

assessed in pigs. Three-week old commercial pigs (negative for PEDV) were allocated 

into four experimental groups consisting of: Group 1 (n=4), sham-immunized (ORFV 

wild type)/non-challenged control; Group 2 (n=4), ORFV-PEDV-S immunized via skin 

scarification route (SS)/PEDV challenged; Group 3 (n=4) ORFV-PEDV-S immunized 

via IM route/PEDV challenged; and Group 4 (n=4), sham-immunized (ORFV wild 

type)/PEDV-challenged. Animals were immunized on day 0 and received two booster 

immunizations on days 21 and 45 post-primary immunization. On day 60 post 

primary immunization, animals from groups 2, 3 and 4 were inoculated orally with 2 

x 105 TCID50 of PEDV strain CO13. Animals were monitored daily for clinical signs of 

PED and rectal swabs collected every 2 days for 14 days to assess virus shedding in 

feces. Serum samples to assess antibody responses. Additionally, fecal samples were 

collected every 7 days post-immunization and on day 14 post-challenge to evaluate 

gut IgA responses.  

 

Serological responses were assessed by PEDV Spike ELISA (S antigen), and functional 

antibodies (neutralizing antibodies) by fluorescent focus neutralization (FFN) assays. 

As shown in Figure 3 (A, B and C), intramuscular immunization with ORFV-PEDV-S 

induced IgG, IgA and virus neutralizing antibody (NA) responses in immunized pigs. 

Animals from Group 2 (skin scarification; SS) and Group 3 (intramuscular; IM) were 

immunized with ORFV-PEDV-S, however, only animals from group 3 (intramuscular) 

seroconverted to PEDV. Animals that were immunized parentally with the ORFV-

PEDV-S develop PEDV-specific IgG, IgA and NA responses, while no seroconversion 
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was observed in group 2 immunized via skin scarification. 

 
 

 

The protective efficacy of the ORFV-PEDV-S was evaluated after challenge infection 

with the PEDV strain CO13. Animals were challenged orally and monitored for 

characteristic clinical signs of PED and virus shedding in feces. Notably, all animals 

from Group 3 did not present any clinical sign associated with PEDV infection, while 

three out of four (3/4) animals from Group 2 and two out of four (2/4) from Group 4 

presented characteristic clinical signs of PEDV. Clinical signs in animals from groups 

2 and 4 lasted for approximately 5-6 days. The summary of clinical scores observed 

post PEDV challenge is shown in Figure 4. These results indicate that parenteral 

immunization (IM) with ORFV-PEDV-S resulted in protection against clinical disease 

induced by PEDV.  

Figure 3 – Serological responses induced by immunization with 
ORFV-PEDV-S recombinant virus. (A) Serum IgG responses 
measured by an S1 ELISA.  (B) Serum IgA responses measured by an 
S1 ELISA. (C) Virus neutralizing antibody responses measured by 
PEDV FFN. Arrowheads indicate immunization days (0, 21 and 45). 
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A summary of virus shedding in feces is presented in Table 1. Animals from control 

sham-immunized/mock infected Group 1 remain negative throughout the experiment 

and no PEDV was detected in fecal swabs. All animals from groups 2, 3 and 4 shed 

PEDV in feces. Notably, animals from group 3, which seroconverted to PEDV after IM 

immunization with ORFV-PEDV-S (Figure 3), shed less virus (higher CTs and shorter 

duration) when compared to animals from groups 2 and 4 (no seroconversion) (Table 

1). Together these results demonstrate that IM immunization with the ORFV-PEDV-S 

results in protective immune responses against PEDV in pigs. 

 

Table 1 – Virus shedding in fecal swabs after oral challenge with PEDV. 
  Day post-challenge (Real-time PCR Ct values) 

 Animal ID 0 3 5 7 9 11 14 

Group 1 
 

1 - - - - - - - 
2 - - - - - - - 
3 - - - - - - - 
4 - - - - - - - 

         
Group 2 (SS) 
 

5 - 28.36 31.39 28.12 28.75 30.64 36.41 
6 - 34.20 22.87 27.93 34.37 32.78 - 

7 - - 32.97 28.65 30.13 34.92 - 
8 - 25.04 27.30 33.52 33.91 34.87 - 

         
Group 3 (IM) 9 - 33.46 33.26 34.03 33.92 35.62 - 

10 - - - 29.22 35.02 - - 
11 - - - 31.47 34.21 - - 
12 - - 34.11 30.22 32.01 - - 

         
Group 4 

 

13 - 34.08 23.68 25.48 33.54 34.65 - 

14 - 34.51 32.56 26.03 31.05 34.16 - 
15 - 22.05 27.87 31.01 30.45 32.15 32.99 

16 - 27.58 24.92 30.58 34.41 34.62 - 
         

 SS: skin scarification; IM: intramuscular. 

 

Results from our pilot experiment provide evidence that parenteral delivery of PEDV 

spike protein by the candidate ORFV vector effectively prevents clinical PED in 

immunized pigs, and results in decreased virus shedding in feces. These results 

demonstrate the potential of ORFV as a vaccine delivery vector for use in pigs. 

Additional details of this study can be found at Hain et al., 2016 Journal of General 

Virology October 2016 97: 2719-2731, doi: 10.1099/jgv.0.000586.   

 

http://dx.doi.org/10.1099/jgv.0.000586
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Immunization of pregnant gilts with ORFV-PEDV-S and antibody transfer to 

colostrum/milk. The ability of the ORFV-PEDV-S to induce lactogenic immunity was 

assessed in pregnant gilts. Six pregnant gilts were allocated into three groups: Group 

1: sham-immunized control; Group 2: ORFV-PEDV-S immunized; and Group 3: 

ORFV-PEDV-S immunized/live PEDV exposed. The immunized groups received 3 IM 

immunizations of the ORFV-PEDV-S at 3-week intervals. The last dose was given at 

approximately two weeks prior to farrowing.  

 

Serological responses were assessed by PEDV IgG and IgA Spike ELISA (S antigen), 

and functional antibodies (neutralizing antibodies) by fluorescent focus neutralization 

(FFN) assays. As shown in Figure 5 (A and B), intramuscular immunization with 

ORFV-PEDV-S induced IgG, IgA and virus neutralizing antibody (NA) responses in 

immunized pigs. Animals from Group 2 (ORFV-PEDV-S) and Group 3 (ORFV-PEDV-S 

+ live Oral PEDV) presented IgG, IgA and neutralizing antibodies against PEDV. 

Group 3 was included in our experimental design due to the notion that local gut 

immunity is necessary for effective transfer of lactogenic immunity against enteric 

pathogens from the mother to the offspring in swine. The rational was that the 

immunity provided by the ORFV-PEDV-S vaccine candidate would be boosted by oral 

live virus exposure. As expected animals from Group 3, presented an anamnestic 

neutralizing response after oral exposure to PEDV on day 31 pi (Figure 5C; day 42).  

Animals from the control group remained negative during the immunization phase of 

the experiment (first 54-56 days) and seroconverted only after the piglets were 

challenged with live PEDV (as seen on days 70 

and 74 Figure 5 (A and B). 

 
 

Antibody levels in colostrum and milk were also evaluated after farrowing. Colostrum 

was collect right after farrowing (day 1) and milk samples were collected on days 3, 7, 

10, 14 and 17 post farrowing. PEDV specific IgG and IgA antibody levels were 

Figure 5 – Serological responses in gilts 
immunized with ORFV-PEDV-S. (A) Serum IgG 
antibody levels as detected by S-ELISA. (B) 
PEDV neutralizing antibody responses as 
detected by FFN assays. Green arrow heads 
indicate immunization dates (ORFV-PEDV-S, 
IM); Yellow arrow head represent the date in 
which Group 3 animals were exposed to live 
PEDV; and red arrow head represents the 
date in which piglets were challenged.  
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assessed by S-IgG and S-IgA-isotype FMIA assays. While similar levels of S-specific 

IgG and IgA antibodies were detected on day 1 post-farrowing on animals from 

Groups 2 and 3 (Figure 6A and B). While the levels of S-Specific IgG and IgA 

antibodies dropped rapidly after day 3 post-farrowing, S-Specific IgA antibodies were 

detected in animals from Group 2 and 3 until day 10 post-farrowing. Animals from 

Group 3 presented S-IgA antibodies in milk up to day 17 pi.  
 

 
 

Levels of antibodies transferred to piglets born to immunized gilts were assessed in 

serum. Serum samples were collected on days 1, 3, 7, 10 14 and 17 of life and PEDV 

S-specific antibodies were assessed by S-ELISA, while functional neutralizing 

antibodies were measured by FFN assays. Notably, piglets born to ORFV-PEDV-S 

immunized animals from Group 2 and to ORFV-PEDV-S-immunized/PEDV exposed 

Group 3 animals presented S-specific IgG and IgA antibodies in serum on day 3 of 

life. No antibodies were detected on day 1 prior to ingestion of colostrum. Similar to 

the results obtained in serum and milk of animals from Group 3, the levels of S-IgG 

and S-IgA antibodies were higher in piglets born to animals from this group (Figure 

7A and B). Neutralizing antibodies were also detected in serum of piglets born to 

animals from Group 2 and 3 (Figure 7C), indicating successful passive transfer NA to 

through colostrum and/or milk.  

Figure 6 – PEDV specific antibody levels 
detected in colostrum and milk of immunized 
gilts. (A) S-specific IgG antibody levels 
detected in colostrum and/or milk after 
farrowing by using an FMIA assay. (B) S-
specific IgG antibody levels detected in 
colostrum and/or milk after farrowing by 
using an FMIA assay. 
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Figure 7 – Antibodies detected in serum of piglets 
born to immunized gilts. (A) S-specific IgG responses in 
serum from piglets as determined by ELISA. (B) S-
specific IgA responses in serum from piglets as 
determined by ELISA. (C) Neutralizing antibody 
responses in serum from piglets as determined by FFN 
assay. Red arrow indicate the day of challenge with 
PEDV. 
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Intestinal contents from a few piglets born from Group 1 (n=2; piglet #1 and #2) and 

Group 3 (n=3; piglet #3, #4 and #5) gilts were collected prior to challenge infection on 

day 7 post-birth and tested for the presence of PEDV specific IgA antibodies by 

ELISA. No samples were collected from group 2 piglets because gilts from this group 

only delivered 24 piglets, which was the target n for the challenge experiment. These 

samples were tested for the presence of PEDV-specific IgA antibodies by an indirect 

whole virus ELISA. As shown in Figure 8, high levels of PEDV IgA antibodies were 

detected in piglets from Group 3, whereas piglets from Group 1 did not present 

PEDV-specific IgA antibodies in the gut.  

 

 
 

 

  

 

 

 

 
 
 

Challenge infection of piglets born to immunized gilts. On day 7 of life all piglets 

born to gilts in Group 1, -2, and -3 were challenged orally with 2 x 105 TCID50 of 

PEDV strain CO13. Animals were monitored and litter daily scores for characteristic 

clinical signs of PED were recorded. Additionally, mortality rates were recorded. Fecal 

swabs were collected on days 0, 3, 7 and 10 post challenge (pc; correspond to days 7, 

10, 14 and 17 of life) and the amount of PEDV shedding in feces was assessed by RT-

qPCR. On day 10 pc, all piglets that survived the PEDV challenged were euthanized 

and intestinal samples collected for histological examination. 

As shown in Figure 9, immunization with ORFV-PEDV-S alone (Group 2) or with 

ORFV-PEDV-S or followed by PEDV exposure resulted in reduction in clinical signs 

and marked reduction in mortality rates when compared to control piglets born to 

non-immunized gilts (Group 1).  
  
Discussion:   

The overall goal of this project was to develop a vectored vaccine candidate for 

PEDV and to explored its potential in swine. For this, we used the parapoxvirus 

ORFV and inserted the PEDV S protein into the locus of a recently identified 

virulence determinant of ORFV (ORFV121). Thus, a recombinant ORFV expressing 

the full-length PEDV S protein was generated.  

Figure 8 – Detection of PEDV specific IgA 
antibodies in intestinal content of piglets prior 
to PEDV challenge. Piglets #1 and #2 were 
born to non-immunized gilts, while piglets #3, 
4 and 5 were born to ORFV-PEDV-S-
immunized PEDV-exposed gilts (Group 3). 
Results represent the sample-to-positive ratio 
on intestinal contents of individual piglets. 
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The S is the major envelope glycoprotein of PEDV and has been shown to be 

the main target of neutralizing antibodies 11,13,35. Additionally, subunit PEDV vaccine 

candidates based on the S protein have been shown to induce protective immune 

responses in pigs 36. Here, the coding sequences of the full length PEDV S were 

inserted into the ORFV121 gene locus 16 of the ORFV genome. The recombinant 

ORFV-PEDV-S was successfully generated, and sequencing of the resultant 

recombinant virus genome confirmed the insertion of PEDV S- and deletion of the 

ORFV121 gene from the ORFV genome.  

The expression and genetic stability of PEDV S carried by the recombinant 

ORFV-PEDV-S virus were assessed in infected cell cultures. Immunofluorescence 

assays performed in cell cultures infected with the recombinant ORFV-PEDV-S 

revealed high levels of PEDV S expression.  

The immunogenicity of the recombinant ORFV-PEDV-S was initially evaluated 

in weaned piglets following IM or TC immunizations. While IM immunization has 

been shown effective for other ORFV vectored antigens in pigs 24,27, proof-of-concept 

TC immunization was used given its efficacy in inducing mucosal immune responses 

in other animal species 30.  Notably, animals immunized via the IM route developed 

robust antibody responses (IgG, IgA and NA) against PEDV, whereas no 

seroconversion was detected in animals immunized via the TC route.  

To assess the protective potential of ORFV-PEDV-S-elicited immune responses, 

piglets from Groups 2 (TC) and 3 (IM), and sham-immunized Group 4 (TC + IM), were 

challenged orally with a virulent PEDV strain CO13 (2 x 105 TCID50). Notably, while 3 

out of 4 (3/4; 75%) animals from Group 2 (which did not seroconvert after TC 

Figure 9 – Clinical outcome of PEDV infection 
in piglets born to immunized gilts. (A) Clinical 
score observed during 10 days post challenge. 
(B) Survival curves post-PEDV challenge in 
piglets born to immunized gilts 
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immunization) and 2/4 (50%) animals from control Group 4 developed characteristic 

signs of PED, none of the animals from Group 3 (IM, which developed serum antibody 

responses to PEDV) were affected. Additionally, animals from Group 3 presented 

reduced virus shedding in feces when compared to animals from Groups 2 and 4. 

Results from the rRT-PCR performed in rectal swabs show a delayed onset and short 

duration shedding of PEDV by animals from Group 3 (Table 1). Together, these 

results demonstrate that IM immunization with the recombinant ORFV-PEDV-S 

protected pigs from clinical PED and reduced virus shedding following oral challenge-

infection. Although results here show a strong correlation between PEDV-specific 

antibodies in serum, protection from clinical disease and decreased virus shedding in 

feces, the precise immunological mechanisms underlying these findings were not 

defined in our study. In future studies, it would be interesting to assess, for example, 

whether IM immunization with the recombinant ORFV-PEDV-S elicits secretory IgA 

(sIgA) responses at mucosal surfaces, or perhaps, homing of effector B or T 

lymphocytes to the intestinal mucosa. 

Although correlate(s) of protection for PEDV remain unknown, neutralizing 

secretory IgA (sIgA) antibodies are thought to play a major role in protection (de 

Arriba et al., 2002a; Liu et al., 2012; Poonsuk et al., 2016; Saif, 2015). sIgA seem 

especially important in providing lactogenic immunity and protection during the first 

days of life of newborn piglets 38,40. One of the main obstacles in eliciting lactogenic 

immunity to PEDV, however, is the need for local gut stimulation of IgA secreting 

cells (plasmablasts) and their subsequent migration to the mammary gland where 

they produce sIgA antibodies which are secreted in the colostrum and milk and 

ultimately transferred to suckling piglets (gut-mammary-sIgA axis) 41. This has been 

achieved by natural infection, oral vaccination of pregnant sows with live PEDV 
33,42,43 or, more recently, by a subunit vaccine candidate (S1; Makadiya et al., 2016).  

The potential of the ORFV-PEDV-S recombinant virus would to elicit lactigenic 

immunity and protection was explored using a pregnant gilt immunization model. 

Pregnant gilts allocated into three experimental groups, including a control sham 

immunized group 1, ORFV-PEDV-S immunized group 2 and ORFV-PEDV-S/PEDV 

exposed group 3. Animals from group 2 received three 3-week interval IM 

immunizations with the ORFV-PEDV-S with the last immunization being given at 2 

weeks prior to farrowing. Animals from group 3 received two IM immunizations with 

ORFV-PEDV-S (days 0 and 21) followed by oral exposure to PEDV on day 31, and a 

final booster with ORFV-PEDV-S on day 42. Serological responses and the presence 

of PEDV specific antibodies in colostrum and milk were evaluated at several intervals 

post-immunization and post-farrowing.  

Notably, animals immunized with ORFV-PEDV-S (group 2) or immunized with 

ORFV-PEDV-S and exposed to PEDV developed PEDV-specific IgG, IgA and NA 

responses in serum. Additionally, PEDV-specific IgG and IgA antibodies were detected 

in colostrum and milk. As expected animals from group 3 presented higher titers of 

levels of antibodies. Passive transfer of these antibodies to piglets was evaluated in 

serum samples collected at various intervals post-birth. PEDV specific IgG, IgA and 

NA were detected in piglets born from gilts in Group 2 and 3, indicating successful 

transfer of PEDV-specific antibodies from the gilts to their offspring through the 

ingestion of colostrum and/or milk. Additionally, challenge of piglets with PEDV on 
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day 7 post-birth revealed that the antibodies transferred from ORFV-PEDV-S-

immunized gilts (Group 2) or from ORFV-PEDV-S-immunized and PEDV-exposed gilts 

(Group 3) to piglets through colostrum and milk resulted in markedly reduced clinical 

scores and mortality rates when compared to those presented by piglets born to 

control non-immunized gilts (Group 1) (Figure 9). Notably, the degree of protection 

correlated with the levels of antibodies detected in gilt colostrum and milk and in 

piglet serum.  

Results here demonstrate the suitability of the ORFV-vector platform as a 

vaccine delivery platform for enteric diseases of swine. This vector represents a 

promising alternative to currently available PEDV vaccines.  

 
Dissemination of the results obtained in the project: 

a. Published articles 

 

1. Hain, K.S., Joshi, L.R., Okda, F., Nelson J., Singrey, A., Lawson, S., Martins, 

M., Pillatzki, P., Kutish, G.F., Nelson, E.A., Flores, E.F., Diel, D.G. 2016. 

Immunogenicity of a Recombinant Parapoxvirus Expressing the Spike Protein 

of Porcine Epidemic Diarrhea Virus. Journal of General Virology. Aug 24. 

doi: 10.1099/jgv.0.000586. 
 

b. Manuscripts in preparation 

1. Joshi, L.R., Okda, F., Fernandes, M.H.V., Nelson J., Singrey, A., Bauermann, 

F.V., Nelson, E.A., Diel, D.G. 2017. Immunization of pregnant gilts with a 

recombinant Orf virus expressing the spike protein of PEDV induces the 

transfer of lactogenic immunity to the offspring. Article will be submitted for 

publication in 2017. Journal to be determined. 
 

c. Meeting presentations 

Results of our study will be presented in the following meetings in 2016 and 

2017: 

1. 2016 CRWAD meeting, Chicago, IL.  

2. 2017 ASV meeting, Madison, WI. 
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