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Industry Summary: 
Senecavirus A (SVA) is a member of the Picornaviridae family and is associated with vesicular disease and 
neonatal mortality in swine. The primary concern of SVA associated disease is the development of vesicular 
lesions which are clinically indistinguishable from foot-and mouth disease, a highly contagious and 
economically devastating foreign animal disease. Currently, there is no vaccine and the diagnosis of SVA relies 
on the detection of viral RNA. Also, commercially available serological tests for herd surveillance or 
identification of new outbreaks are limited. The overall objective of this study was to develop improved 
diagnostic capabilities for SVA to fulfill industry needs for the differentiation between SVA and other 
picornaviruses in circulation. The specific objectives addressed include:  1) Development of monoclonal 
antibody (mAb) reagents for diagnostic assays including immunohistochemical (IHC) antigen detection and a 
blocking ELISA (bELISA); 2) Development and validation of a consistent and reproducible highly specific 
bELISA for the detection of SVA antibodies in serum. For our first objective, we addressed the need for SVA 
antigen and antibody reagents for use in various diagnostic tests. We initially identified conserved epitopes on 
the major capsid regions of SVA-VP2 that allowed for differentiation of SVA from other picornaviruses. We 
successfully cloned, expressed and purified the VP2 protein for use as antigen and for the immunization of mice 
for mAb development and the development of a bELISA for the detection of swine antibodies after disease 
outbreak. After a two-month immunization regimen, antibody producing hybridoma cells were produced from 
the fusion of mouse spleen cells and a mouse tumor cell line. Following screening of hybridoma cells, antibody 
ascites fluid was produced from selected hybridoma lines and purified. These mAbs were then characterized 
and evaluated for their ability to specifically recognize available strains of SVA by fluorescent antibody 
staining and IHC. In addition, these mAbs were utilized in development of a bELISA. The bELISA was 
optimized for providing a high degree of specificity then validated against a panel of serum of known SVA 
serostatus. The bELISA demonstrated a diagnostic specificity of 93.6% and a sensitivity of 88.2%.  The 
bELISA shows enhanced specificity over our initial indirect ELISA format to differentiate between SVA, FMD 
and other picornaviruses that may share some common epitopes causing testing uncertainty. The bELISA as 
optimized, has the ability to detect a broad antibody response as soon as 5 days post infection including a robust 
IgM response which is produced early during infection. The significance of this test is that is it able to 



simultaneously detect the appearance of all antibody isotypes, thus decreasing the time of detection of a 
serological response. The bELISA is now validated for use to provide an additional testing platform for herd 
surveillance and confirmation of disease. In addition, resultant mAbs have also allowed for the development of 
an IHC test for routine in-situ detection of viral protein antigen within tissues, and a more sensitive serum virus 
neutralizing assay (SVN) capable of detecting infection beyond 6 weeks post infection. Taken together, both 
tests and antibody reagents will provide producers much needed, sensitive and specific assays to serologically 
monitor and differentiate incidences of vesicular disease outbreak.  
 
Contact information:  Steve Lawson, Veterinary & Biomedical Sciences, Animal Disease Research & 
Diagnostic Laboratory, South Dakota State University, Brookings, SD 57007-1396; Phone 605-688-5171; email 
steven.lawson@sdstate.edu.  
 
Keywords: Senecavirus A, serology, swine, bELISA, monoclonal antibodies, immunohistochemistry (IHC), 
serum virus neutralization SVN.  
 
 
Scientific abstract:   
Senecavirus A (SVA) is a small, non-enveloped, positive stranded RNA virus responsible for causing severe 
vesicular disease and neonatal mortality. The problem with this emerging virus is that it is clinically 
indistinguishable from foot and mouth disease virus (FMD). Currently, there are limited antibody reagents and 
diagnostic tests available for herd surveillance and confirmation of disease. To address these industry needs, we 
immunized mice to produce monoclonal antibody (mAb) reagents against capsid proteins VP1 and VP2 for 
immunohistochemistry (IHC), fluorescent antibody (FA) staining and virus isolation (VI) testing. In addition, 
we developed two separate serological assays:  a blocking ELISA (bELISA), and a new mAb based, highly 
sensitive, serum virus neutralization (SVN) assay for immune surveillance of disease. 
 
The first application of our resultant mAbs lead to the development of an immunohistochemical test (IHC) for 
routine in-situ detection of viral protein antigen within tissues. We are the first to report the development of an 
IHC test which should carry the same specificity as the bELISA and will provide a value-added tool for the 
differentiation of other diseases that cause vesicular lesions in swine. Second, early testing showed that SVA 
positive serum samples tested against the recombinant capsid proteins showed that VP2 had significantly 
greater immunoreactivity than VP1 and provided the rationale for the development of the VP2-bELISA. The 
VP2-bELISA was optimized by checkerboard titration using samples of known serostatus. Serum samples were 
obtained from uninfected pigs (n = 628) and SVA-infected animals (n=254). ROC analysis showed diagnostic 
sensitivity of 88.3% and a specificity of 93.6%. The bELISA demonstrated the ability to detect a broad 
serological response as soon as 5 DPV including the presumable appearance of IgM which is produced early 
during infection. Next, inter-rater (kappa) analysis was performed to assess testing agreement between the 
bELISA and SVN assays. The kappa value was calculated to be 0.806 demonstrating significant testing 
agreement. Although the sensitivity of the bELISA was lower than our previously developed indirect ELISA 
(iELISA), the specificity was significantly higher. We tested the ability of bELISA to resolve incidences of 
unexpected positive samples using 25 random “false-positive” samples generated by our previously developed 
iELISA.  Notably, 23/25 samples (92%) were resolved as “true negative” samples while all 25 samples were 
resolved as true negatives via SVN testing. The antibody dynamics of the SVN test mirrored the performance of 
the bELISA in its ability to detect seroconversion at 5 DPV; however, it was able to detect a more robust 
antibody response over a longer period of time. Thus, the advantages of the bELISA and SVN are their ability 
to detect an early and broad range of antibodies regardless of isotype, along with improved specificity. Taken 
together, the antibody reagents and diagnostic tests will provide producers much needed, sensitive and specific 
assays to serologically monitor and differentiate incidences of vesicular disease outbreak.    
 
Introduction: 
Senecavirus A, (SVA) represents a single species of the Senecavirus genus within the Picornaviridae family. It 
is a non-enveloped, single-stranded, positive–sense, RNA virus having a genome of approximately 7.2kb (Hales 
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et al., 2008). It is an etiological agent of vesicular disease outbreaks and is considered an emerging pathogen 
due to its rapid increase in incidence and geographic range. In some countries, affected breeding herds report 
post weaning morbidity and mortality ranging between 30% to 70% (Gimenez-Lirola, 2016). Within the past 
few years, there have been several new outbreaks in Brazil, China, Canada and the U.S. which suggests possible 
antigenic variation in the virus and/or in virulence.  The development of novel diagnostic tests should follow a 
rational approach in that the tests should be sufficiently specific in order to simultaneously detect antibodies to 
multiple subtypes or antigenic variant of the virus while excluding other related viruses.   
 
Antibody-based reagents are the basic components used in many diagnostic assays, and having validated, high-
throughput serological assays would provide critical diagnostic tools for the swine industry. A few veterinary 
diagnostic laboratories have developed in-house, indirect ELISA tests to detect serum IgG, but problems exist 
regarding the low sensitivity and specificity of these assays. The lower sensitivity of the assay revolves around 
the later appearance of an IgG response and issues of lower specificities arise due to the presence of false-
positive samples within presumably seronegative herds. The false positive testing may be due to the myriad of 
other picornaviruses circulating in the swine population that may contain cross-reactive antigenic epitopes. 
Previous research by Yang et al., 2012 has shown that the development of a blocking ELISA (bELISA) using 
monoclonal antibodies against SVA-specific antigenic epitopes confers greater analytical specificity to the 
assay resolving some concerns of false positive results. However, this ELISA utilized a cell culture produced 
whole virus antigen preparation, resulting in challenges to the large scale production of consistent ELISA 
antigen. Since monoclonal antibody-based reagents are limited, we completed our first objectives of developing 
readily available monoclonal antibody reagents and used them to develop various diagnostic tests, including 
virus isolation, immunohistochemistry and a highly sensitive serum virus neutralization test.   
 
However, our primary objective included the development of a bELISA for the serodiagnosis of SVA. For this, 
we utilized recombinant VP2 as swine, antibody capture antigen, along with a VP2 specific monoclonal 
antibody that recognized conserved epitopes in context of ELISA. The benefits of the bELISA included its 
ability to simultaneously detect the appearance of all antibody isotypes thus decreasing the time of serological 
detection of SVA down to just 5 days post vaccination.   
The final highlights of this study include the production of antibodies for the development of a low cost, 
diagnostic IHC test for the routine in-situ detection of viral antigen within tissues. In addition, these new 
antibodies resulted in an improved, highly sensitive SVN test capable of detecting infection beyond 6 weeks 
post infection.  
 
Objectives: 
The overall objectives of this proposal were to produce monoclonal antibodies against select antigens of 
Senecavirus A and use them to validate two distinct diagnostic assays for viral antibody and antigen detection. 
Not only will the assays fulfill an industry need for the differentiation between SVA and other picornaviruses in 
circulation, but all the deliverables will allow producers to improve monitoring and control of the virus. The 
specific objectives we addressed within this proposal include the following: 

 
1.  To develop monoclonal antibody reagents for diagnostic assay development including mAbs for 
immunohistochemical (IHC) antigen detection in addition to the development of mAb reagents for the 
construction of a highly specific blocking ELISA (bELISA). During hybridoma development, colonies were 
screened for those producing VP1 and VP2 antibodies for IHC detection, in addition to those that are able to 
target SVA capsid antigen in context of ELISA. 
 
2.  To develop and validate a consistent and reproducible highly specific bELISA for the detection of SVA 
antibodies in serum. The bELISA will be optimized for sensitivity and validated against a panel of serum of 
known SVA serostatus. The bELISA will have the ability to detect a broad antibody response including a robust 
IgM appearance which is produced early during infection. The bELISA format will be based upon the 
serological detection of select SVA capsid proteins and will be produced to provide a primary testing platform 
for herd surveillance and confirmation of disease.   



 
Materials & Methods: 
All procedures are standard in our laboratory and additional detailed methods are referenced in the following: 
Okda et al. 2015, Okda et al. 2016, Dee et al. 2015, Lawson et al. 2010. To begin assay development, SVA 
whole genome sequence data was analyzed from a cell culture adapted, plaque purified strain (SD15-26) 
originally isolated at the South Dakota State University Animal Disease Research & Diagnostic Laboratory 
using NCI-H1299 (ATCC® CRL-5803™) cells.   
 
Expression of SVA VP1 & VP2 nucleocapsid antigen: 
Recombinant, full length, SVA VP1 and VP2 antigens were cloned, expressed and purified.  First, the 
nucleoprotein coding regions corresponding to VP1 and VP2 were synthesized (GenScript, Piscataway, NJ) and 
received in the form of a synthetic gene cloned into the E. coli, plasmid expression vector pET28A(+) 
(Novagen, Madison, WI).  The plasmid was subsequently transformed into BL21-Codon Plus (DE3)-RP 
competent cells (Stratagene, La Jolla, CA) expressing the nucleocapsid proteins fused to a carboxyl terminal 6x 
histidine tag. Both VP1 and VP2 were expressed in the form of insoluble inclusion bodies, but VP2 was also 
expressed in a native, soluble form as well. After expression, both antigens were purified twice via nickel-
column chromatography and quantitated via the Lowry assay (Lowry et al.,1951). The VP2 antigen was 
selected as the antigen of choice for the development of antibody-based reagents because of its high degree of 
immunoreactivity.  Previously, we observed that expressed VP2 exhibited a 9-fold increase in immunoreactivity 
over SVA-VP1 expressed antigen when compared side-by side via ELISA using convalescent serum from SVA 
infected pigs.  The production of SVA-VP2 antigen was scaled up in large batch cultures then purified to a 
degree of approximately 95% (Figure 1).  Only the insoluble, linear form of VP2 was used to immunize mice 
for hybridoma production and for the development of the bELISA.   
 
Monoclonal antibody preparation: 
Monoclonal antibodies (mAbs) were produced in our laboratory that recognize both the native conformation 
and the full length, linear recombinant protein used in the IFA, bELISA and SVN assays.  Hybridomas were 
produced as previously described (Nelson et al.,1993; Galfre et al., 1977).  Briefly, 10-week-old specific 
pathogen- free BALB/c AnN mice were immunized intraperitoneally with 250ug of recombinant antigen mixed 
in equal volumes with a water-in-oil adjuvant (Seppic Montanide ISA 50 V2; Seppic, France).  Three identical 
booster immunizations were given at three week intervals.  Fusion of mouse splenocytes and myeloma cells was 
performed using NS-1 myeloma cells and 50% polyethylene glycol (PEG 4000; GIBCO, Grand Island, N.Y.) 
then cultured in the presence of hypoxanthine-aminopterin-thymidine for the selection of viable hybridoma 
clones.  Cell culture supernatants were screened via an indirect VP2 ELISA to identify antibodies that will 
recognize homologous SVA antigen in context of a bELISA. Positive hybridomas were subcloned at least twice 
by limiting dilution. The immunoglobulin isotypes of the mAbs were determined by using hybridoma culture 
fluids and a commercial lateral-flow immunoglobulin typing kit (Serotec, Raleigh, NC). Ascitic tumors were 
produced in pristane-primed BALB/c AnN mice, and ascites fluid was harvested and filtered (pore size, 0.45 
um; Millipore Corp., Bedford, Mass.), and stored at -20°C.  Monoclonal antibodies used in the bELISA were 
biotinylated by the method described in Lawson et al., 2010.  Briefly, antibodies in raw ascites fluid was 
purified by ammonium sulfate precipitation and diluted to a concentration of 10mg/ml.  Next, a 10mg/ml 
solution of biotin-N-hydroxysuccinimide (biotin NHS) was prepared in DMSO then added to the purified mAbs 
to a final concentration of 15%.  The mixture was incubated in the dark for 4h at room temperature with gentle 
stirring.  The solution was dialyzed twice using Spectra/Por dialysis tubing (MWCO 14 kda; Spectrum 
Laboratories) in 4 L of PBS for approximately 8 hours.  A solution of bovine serum albumin (BSA) was added 
to a final concentration of 1% for stability then aliquoted and stored at -80C.  Animal studies were approved by 
the South Dakota State University Institutional Animal Care and Use Committee (approval number 15-095A). 
Resulting antisera was evaluated for specific recognition of SVA or infected cells by Western blotting, and 
fluorescent antibody staining methods.   
 
Antibody measurement by blocking ELISA (bELISA) format: 



The serological bELISA was developed using Immulon 1B, 96-well microtiter plates (Thermo Labsystems, 
Franklin, MA). SVA VP2 antigen was diluted appropriately in antigen coating buffer (ACB: 15mM sodium 
carbonate and 35 mM sodium bicarbonate and buffered to pH 9.6) then added to alternating wells.  The optimal 
dilution of the recombinant protein and mAb antibody was determined by a checkerboard titration that gave the 
highest signal to noise ratio with an OD reading of approximately 2.0, in the absence of swine serum/competitor 
antibody.  Odd numbered wells of each plate were coated with 20 ng of expressed SVA VP2 antigen in ACB 
while the even-numbered columns were coated with ACB minus antigen serving as background control. The 
plates were incubated for 1 h at 37 °C, then placed at 4 °C overnight. The following day, each well was washed 
3X with PBST (PBS + 0.05% Tween20), then blocked with 200 μl of sample antibody diluent (SAD: PBST + 
5.0% nonfat dry milk) and incubated one hour at 37C.  Plates were washed 3 times with PBST, and 100 μl of 
test and control sera were diluted 1/2 with PBS and added to each of the duplicate wells. Plates were incubated 
2.5 h at 37 C.  After sample incubation, SVA-VP2 specific, biotinylated, detection mAb (SD167-228) was 
diluted 1:1000 in SAD and 50ul added to the washed microtiter plate, then swirled and incubated for 30 min at 
room temperature. The plates were washed 3 times, and 100 μl of high sensitivity, streptavidin-horseradish 
peroxidase conjugate (Pierce, Rockford, IL) was added to all wells of the microtiter plate for 1 h at 37C. Plates 
were washed 4 times with PBST, and 100 μl of TMB was added to all wells and gently swirled. After 
approximately10 minutes, color development progressed until the negative control standard attained an OD of 
approximately 2.0 and then the reaction was stopped using 2N H2SO4. Colorimetric development was quantified 
spectrophotometrically at 450 nm with an ELx800 microplate reader (BioTek Instruments Inc., Winooski, VT) 
controlled by XCheck software (Idexx Laboratories, Westbrook, ME). The raw data was normalized and 
transformed into an Excel spreadsheet, and the percent inhibition (PI) ratio was calculated using the following 
formula: 

PI = 1- [(A405 sample - A405 buffer control)/ (A405 neg control - A405 buffer control)] X 100 

Serum Virus Neutralization assay: 
Virus-neutralizing antibody responses in serum samples were quantified using a serum virus neutralization 
assay (SVN).  Unlike the traditional CPE-based SVN assay described elsewhere, our SVN assay makes use of a 
fluorescent-labeled monoclonal antibody as the detection moiety. The particular SVN format is often referred to 
as a fluorescent focus neutralization (FFN) assay.  Two-fold serial dilutions of serum (1:40 to 1:5120) were 
incubated with stock virus (SVA SD15-26 giving between 200-300 fluorescent foci/ well) for 1 hour at 37C. 
After incubation, NIH H1299 cells were added to the dilution plate at a concentration of 2 x 104 cells/well then 
incubated at 37C for 48 hours. After incubation, cells were fixed with 80% acetone for 20 minutes. The 
neutralized virus was quantitated by staining the cells with a newly produced, FITC-conjugated monoclonal 
antibody (SD170-191). SVNs were read under a fluorescence microscope and neutralizing antibody titers were 
expressed as the reciprocal of the highest dilution of serum capable of completely inhibiting SVA 
infection/replication. Negative and positive control sera were included in all assays.  
 
Statistical cutoff determination:    
In order to accurately assess the diagnostic sensitivity and specificity of the bELISA, a total of 882 SVA 
positive and negative testing serum samples were obtained from field case submissions sent to the SDSU 
Animal Disease Research and Diagnostic Laboratory or obtained from experimentally infected animals. 
Positive testing samples (n=254) samples were from experimentally derived, time course samples. Negative 
testing samples, (n=628) were from experimental samples collected prior to 2012 and or clinical submissions 
from herds with no history of SVA. Receiver operating characteristic (ROC) analysis was calculated for each 
assay to assess diagnostic performance which include determination of sensitivity, specificity and threshold 
cutoff using MedCalc version 11.1.1.0 (MedCalc software, Mariakerke, Belgium). 
 
 
Detection of seroconversion: 
A time course, kinetic antibody response of SVA infected pigs was performed using over 120 serum samples 
from a single time course experiment whereby 4 uninfected, control pigs and 8 experimentally infected pigs 



were bled over a 38-day period.  Pigs were vaccinated with SVA virus strain SD15-26 via both oral and IM 
routes.  All pigs within each group were bled on regular weekly intervals between 0 and 38 dpv during which 
time seroconversion to the virus was assessed by the validated VP2-bELISA and by the serum virus 
neutralization test (SVN).   
 
Evaluation of iELISA field negative and unexpected positive results:   
In our previous SHIC funded investigation, the first generation iELISA we developed demonstrated good 
sensitivity, however an 11% unexpected (false) positive rate was observed while testing 526 field samples from 
over 37 different case submissions.  The use of a bELISA was employed to confirm the status of negative field 
and experimental serum samples that gave unexpected false positive results that arose in routinely sampled 
negative herds. Of the 54 original unexpected positive samples from high-health, presumably negative herds, 25 
were chosen at random and subjected to testing by our validated bELISA and FFN. 
 
SVA IHC:   
Vesicular lesions of snout skin were from finisher pigs infected at 7 DPV were fixed in 4% formaldehyde for 24 
hours then embedded in paraffin, deparaffinized and put through an ethanol gradient rehydration step using 
standard histologic procedures. Two-micrometer-thick tissue sections were made for immunohistochemistry 
staining and SVA-VP2 antigen was retrieved by boiling prepared slides in 10mM citrate buffer pH 6.0 for 10 
minutes. Next, endogenous peroxidases were suppressed by quenching tissues in 1.5% H2O2 for 5 minutes. The 
staining of tissues for viral antigen was achieved using a commercial IHC staining kit (Vectastain ABC kit, 
Vector Laboratories, Burlingame, CA) with a few modifications.  Non-specific binding was inhibited using 1% 
horse serum for 1 hour, washed 3X then a primary anti-VP2 mouse mAb (SD167-214) was diluted 1:4000 in 
blocking buffer and added to slides for 30 minutes at room temperature.  Sections were washed then incubated 
with a biotinylated, anti-mouse secondary antibody for 30 minutes, washed again, then a streptavidin-HRP 
conjugate added for 30 minutes before the addition of DAB chromogenic substrate. Tissues were counterstained 
for 30 seconds with a dilute solution of Hematoxylin QS then visualized under bright field microscopy.   
 
  
Results:   
Expression of recombinant SVA protein antigen for mAb production & bELISA development: 
SVA VP1 & VP2 regions of the SVA virus (SD15-26) capsid protein-P1 region was sequenced, then 
prokaryotically expressed. The production of SVA-VP1 & VP2 antigen was scaled up in large batch cultures 
then purified to a degree of approximately 95% as visualized by Coomassie blue staining (Figure 1).  
Interestingly, the VP1 and VP2 protein was expressed in the form of insoluble inclusion bodies, but VP2 was 
also expressed in a native, soluble form as well. After expression, both antigens were purified twice via nickel-
column chromatography and quantified prior to mouse immunization for antibody production.  The VP2 antigen 
was selected as the preferred antigen of choice for the development of antibody-based reagents because of its 
high degree of immunoreactivity.  Previously, we observed that expressed VP2 exhibited a 9-fold increase in 
immunoreactivity over SVA-VP1 expressed antigen when compared side-by side via iELISA using 
convalescent serum from SVA infected pigs (Lawson et al., 2016).  Only the insoluble, linear form of VP2 was 
used to immunize mice for hybridoma production and for the development of the bELISA.  
 
 
 
 
 
 
 
 
 
 
  



  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Monoclonal Antibody development: 
In addition to preparing recombinant SVA protein antigen for the development of a bELISA, the VP2 antigen 
was mixed with an oil-in-water adjuvant (Seppic Montanide ISA50 V2) and used to immunize mice for the 
production of monoclonal antibodies.  Specifically, after a 60-day immunization regimen, mouse spleen cells 
were harvested and fused with mouse NS-1 myeloma cells to produce antibody secreting hybridoma cells.  
After the hybridoma fusion procedure, we determined that 11 different primary wells secreted anti-SVA VP1 or 
VP2 antibodies as detected by ELISA and IFA.  The hybridomas within each well were cloned to limiting 
dilution, and resulting subclones were screened and selected for expansion based upon either IFA fluorescent 
intensity or ELISA OD.  A final screening of each clone’s supernatant was performed at the time of hybridoma 
cryopreservation and confirmed the reactivity of each of the resulting 31 SVA VP1 or VP2-specific mAbs from 
11 different primary hybridoma clones (Table 1).  Noteworthy is that all of the mAbs (100%) recognize linear 
epitopes in context of ELISA (iELISA & bELISA).  In addition, 17 of them also recognize native, 
conformational VP2 antigen in the context of IFA using infected NIH H1299 cells (Figure 2). These 
monoclonal antibodies were used for specific antigen detection in context of a bELISA, in addition to the 
development of an improved serum virus neutralization test (SVN) test and for IHC virus detection in tissue and 
collectively for better surveillance of SVA. 
 
 
 
 
 
 
 
 
 
 

Figure 1: Coomassie blue, P.A.G.E. gel of E. coli expressed & purified SVA VP1 and 
VP2 protein antigen.  SVA-VP2 was mixed with adjuvant and used to immunize 7 mice 
for antibody production. The purity of each denatured antigen exceeds 95%.  The 
recombinant antigen was also used to screen antibody producing hybridomas that 
recognize SVA-VP2 via ELISA. The expressed VP2 antigen was also used for the 
development of the serological blocking ELISA (bELISA).   
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mAb # Reactivity mAb # Reactivity 

17-51 VP1-ELISA & IFA 167-196 VP2-ELISA & IFA 
89-57 VP2-ELISA 167-212 VP2-ELISA & IFA 
89-70 VP2-ELISA 167-214 VP2-ELISA & IFA 
89-303 VP2-ELISA 167-228 VP2-ELISA & IFA 
121-77 VP2-ELISA & IFA 170-176 VP2-ELISA & IFA 
121-81 VP2-ELISA & IFA 170-178 VP2-ELISA & IFA 

121-92A VP2-ELISA & IFA 170-185 VP2-ELISA & IFA 
121-92B VP2-ELISA & IFA 170-191 VP2-ELISA & IFA 
147-319 VP2-ELISA 178-277 VP2-ELISA 
148-106 VP2-ELISA & IFA 178-280 VP2-ELISA 
148-117 VP2-ELISA & IFA 178-281 VP2-ELISA 
148-129 VP2-ELISA & IFA 178-294 VP2-ELISA 
150-125 VP2-ELISA 178-295 VP2-ELISA 
150-127 VP2-ELISA 103-130 VP2-ELISA 
150-130 VP2-ELISA 74-382 VP2- ELISA & IFA 
150-347 VP2-ELISA   

 
 
 
 
 
 
 
 
 
  

Table 1:  SVA-VP1 & VP2 mouse mAb development & testing.  As described in 
objective #1, a total of 31 mouse mAbs were obtained from 11 distinct primary wells 
screened against recombinant SVA-VP1 & VP2 using both ELISA and IFA testing 
platforms. Noteworthy is that 100% of the mAbs recognize SVA-VP1 & VP2 antigen in 
context of ELISA.  In addition, 17 clones (55%) recognized antigen via IFA testing 
using NIH H1299 cells.     



 
 
  
  
 

 
  
 
 
 
 
 
 
 
 
 
 
 
 

 
 
  
 
 
 
 
 
 
 
 
 
 
bELISA test development: optimization, diagnostic sensitivity & specificity and threshold cutoff:  
The second objective as requested by the NPB, was to develop a first generation bELISA test to detect an 
antibody response to the virus following infection.  A total of 882 SVA positive and negative testing serum 
samples were obtained from field case submissions sent to the SDSU Animal Disease Research and Diagnostic 
Laboratory or obtained from experimentally infected animals. Known positive testing animals, n=254 serum 
samples were from experimentally derived, time course samples. Negative testing animals, n=628 samples were 
from experimentally derived samples collected prior to 2012 and or clinical submissions samples from high-
health herds with no known history of SVA exposure.  It was determined by antigen and serum checkerboard 
titrations that the optimal coating of the plates with a linear form of SVA-VP2 antigen was achieved at a 
concentration of 20ug/well.  Using a well characterized high positive and low negative serum standard, the 
minimum dilution of serum (1 part serum to 1 part PBS) gave the highest OD- to-background ratio even without 
the addition of detergents normally added to other indirect and blocking ELISA tests (Figure 3).     
 
 
 
 
 
   
 
 

Figure 2: SVA-VP1 & VP2 mouse mAb development & testing.  Panels A-F show 
intense cytoplasmic staining of SVA VP1 & VP2 within infected, acetone fixed NIH H1299 
cells.  Specifically, immunofluorescent antibody (IFA) staining shows intense foci of 
individual infected cells using 6 separate mAbs, each from different primary hybridomas.  
(A) VP2-121-92  (B) VP2-148-129  (C) VP2-167-214  (D) VP2-170-191  (E) VP2-74-382   
(F) VP1-17-51.  All photographs [200X magnification].  

A 

E 

C B 

D F 



0

0.5

1

1.5

2

2.5

1/2 1/4 1/8 1/16 1/32 1/64

O
D

Serum Dilution

SVA Neg Serum SVA Pos Serum

 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Next, a first generation serological bELISA was evaluated by statistical receiver operating characteristic (ROC) 
analysis using serum samples of known serostatus.  The dot plot shown in Figure 4 was used to determine assay 
sensitivity and specificity and to assess optimum diagnostic positive and negative cutoff values. The bELISA 
showed a sensitivity and specificity of 88.2% and 93.6% respectively.  A diagnostic cutoff value was 
statistically calculated to be 29.6 as shown in Figure 4.  In addition, multiple comparison, inter-rater testing 
agreement (kappa association) was performed to calculate the degree of statistical agreement between the 
bELISA, and the SVN tests.  Specifically, kappa testing values among the two platforms was calculated to be 
0.806 which statistically is to be considered in “substantial agreement” according to Landis et al., 1977.  
 
 
  

Figure 3:  Serum dilution optimization of the bELISA. SVA positive 
and negative serum reference standards were titrated two-fold in a dual 
well bELISA format in order to gauge the maximum signal-to-noise 
ratio as indicated by the blue arrow.  The optimum concentration of 
SVA-VP2 used to coat wells was performed similarly.   



 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Evaluation of a kinetic SVA antibody response & determination of seroconversion:  
An analysis of seroconversion was made using over 120 serum samples from a single time course experiment 
whereby 4 uninfected, control pigs and 8 experimentally infected pigs were bled over a 38 day period.  Pigs 
were vaccinated with SVA virus strain SD15-26 via both oral and IM routes.  All pigs within each group were 
bled on regular weekly intervals between 0 and 38 dpv during which time seroconversion to the virus was 
assessed by the validated VP2 bELISA and by the serum virus neutralization test (SVN) (Figure 5A & 5B).  
Results show that by 5 days post vaccination, 3 of the 8 (38%) vaccinated pigs had seroconverted, and by 7 
DPV all 8 pigs (100%) had seroconverted demonstrating a robust antibody response. Figure 5A demonstrates 
the total antibody response peaked at day 10 post vaccination, then waned over the course of infection with pigs 
testing below the serological diagnostic cutoff (29.6 PI) beyond 35 DPV.  The total antibody response of the 
bELISA mirrors that of the SVN results within figure 5B in that we see a similar time of seroconversion at 5 
DPV and peaking at 10 DPV with several individual samples reaching titers of greater than 1:2560. SVN 
antibody detection levels remain elevated and sustained over a longer period of time than the bELISA indicating 
that a broader antibody response is being detected.  Through these results, we can conclude that the SVN test 
(FFN format) will inherently continue to be the most diagnostically relevant test in determining the SVA 
serostatus within the herd.     
  

Figure 4.  Receiver operator characteristic (ROC) analysis and determination of 
diagnostic sensitivity and specificity of the VP2 bELISA assay. The dot plot on the 
left represents the negative testing population and on the right, the positive testing 
population.  The horizontal line represents the tentative cutoff value that gives the 
optimal diagnostic sensitivity and specificity.   
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Assessment of negative field sera and evaluation of unexpected positive results: 
The bELISA can be utilized as a primary or as a confirmatory test to iELISA or the IFA when unexpected 
positive tests arise in presumably negative herds. Our recently developed first generation iELISA demonstrated 
good sensitivity, however an 11% unexpected (false) positive rate was observed while testing 526 field samples.  
Of the 54 original unexpected positive samples from high-health, presumably negative herds, 25 were chosen at 
random and subjected to testing by our validated bELISA & FFN.  Results show that 23/25 (92%) unexpected 
positives were resolved by FFN testing, and all 25 (100%) samples were resolved by SVN testing (Table 2).   
 
 
 
 
 
 
 

Figure 5A & 5B.  Kinetic time course serum antibody evaluation via the VP2 bELISA and 
SVN assays.  Antibody time course kinetics were calculated for the validated VP2-bELISA 
(5A) and SVN (5B) tests using serum samples from experimentally infected pigs collected at 
weekly intervals.  The blue horizontal line indicates the diagnostic cutoff for the bELISA at 
29.6 percent inhibition (PI).  The appearance of a blocking antibody response and a 
neutralizing antibody response are evident as soon as 5 DPV and peaks at 10 DPV for both 
assays.   



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Development of an improved serum virus neutralization assay (SVA):   
An improved serum virus neutralization assay was developed to characterize the neutralizing antibody response 
associated with SVA infection.  This particular serum virus neutralizing assay, also referred to as a fluorescent 
focus neutralization (FFN) assay format, makes use of a newly developed, anti-SVA-VP2 specific, FITC 
conjugated monoclonal antibody (SD170-191).  The nature of the direct FITC-conjugated antibody allows for a 
shorter assay development time while its increased fluorescent signal imparts improved assay sensitivity (Figure 
6).  The mAb is able to detect VP2 expressed in its native conformation in addition to denatured, linear epitopes 
in context of ELISA.  The FFN was employed within this study to accurately confirm the serostatus of 
individual of samples used in the validation of the bELISA.  The FFN assay was optimized and evaluated using 
multiple panels of serum samples from SVA naïve animals and herds sampled between 1 and 3 weeks post-
exposure. All serum samples from naïve animals demonstrated serum FFN endpoint titers of <1:40 while 
experimentally infected SVA between 5 and 14 days post vaccination demonstrated titers between 1:320 to 
1:2560. Noteworthy, the FFN was able to detect neutralizing antibodies between one to six weeks post infection 
and an early neutralization response as soon as 5 DPV.  This early time-point detection also corresponded with 
a 5 DPV seroconversion time point detected by the bELISA.  The FFN also provided an alternative assay 
format for the resolution of unexpected positive tests that arise in other antibody capture formats (IFA and 
ELISA).   
  

 # Negative 
samples 

# Unexpected pos 
samples 

Indirect VP2 indirect 
ELISA (iELISA) 526 54 (11%) 

Resolution of unexpected 
positives by bELISA 

25 chose at 
random 

23/25 serum samples 
were resolved as true 
negative via bELISA 
(92% false positive 
reduction). 

Resolution of unexpected 
positives by SVN. 

25 chose at 
random 

25/25 confirmed as 
true negative via SVN 
(100% false positive  
reduction). 

Table 2.  Resolution of unexpected positive serum samples via bELISA & SVN 
testing.  Unexpected positive samples from presumably negative herds were 
subjected to VP2-bELISA and SVN testing.   



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Development of reagents for the immunohistochemical detection of SVA in tissues:   
All six monoclonal antibodies that recognized native virus in H1299 cells via IFA testing (illustrated in figure 
2) were tested for IHC antigen capture in-vivo.  Monoclonal antibody SD167-214 proved the most effective 
reagent in the detection of formalin fixed, VP2 antigen in SVA-induced vesicular lesions of the snout (Figure 
7).  The procedure made use of skin tissues taken upon necropsy from finisher pigs acutely infected with SVA 
at 7 days post vaccination with SVA SD15-26.  Other mAbs developed also showed evidence of VP2 antigen 
staining, but results were confounded by higher levels of background staining within uninfected controls.  It is 
noteworthy that mAb SD167-214 also proved to be the most effective detection antibody when tested for use 
within the bELISA.    
  
 
 
  

Figure 6: Fluorescent focus neutralization (FFN) test development.  Serum is incubated with 
SVA virus for 1 hour then incubated on NIH H1299 cells for 48 hours. Afterwards, virus 
infected cells are stained with a direct FITC-conjugated mAb (170-191) recognizing the SVA 
VP2 nucleoprotein.  Panel A shows a serum sample negative for neutralizing antibodies.   Panel 
B shows a 100% neutralization endpoint titer typical of SVA positive serum.  
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Discussion:  
 
Recent impacts of SVA within the US are not fully understood due its highly contagious nature and rapid 
spread.  The primary concern of the disease is its vesicular lesions which are clinically indistinguishable from 
FMD virus infection.  Since antibody-based reagents are in limited supply to assist in the diagnosis of SVA, the 
National Pork Board afforded us the opportunity to develop a total of 31 SVA-VP1 & VP2-specific mAbs from 

A B 

C D 

Figure 7:  Immunohistochemical detection of SVA in tissues.  An IHC test was developed showing the 
recognition viral antigen in SVA-induced vesicular lesions in skin/snout at 7 days post vaccination. Dark 
brown, punctate, staining is present within various regions of the ulcerated lesion. Specifically, chromogenic 
detection using the anti-SVA-VP2 mAb (SD167-214) shows antigen present in tissues adjacent to the grossly 
observed vesicle. Specifically, viral antigen is localized within the stratum spinosum and stratum basale (panels 
A & B).  Signal is also present within cells in subcutaneous tissue below the cleft (panel B).  Antigen staining 
is present in residual cells surrounding the epidermal cleft over (stratum corneum) and below (stratum 
granulosum) the grossly observed vesicle in panels C and A respectively.  Panel D shows minimal antibody 
background staining in uninfected skin tissue.   
 



11 unique, primary hybridoma clones.  It has been demonstrated that the VP2 capsid protein represents the most 
immunodominant protein among the structural VP1, VP2 and VP3 trimer (Dvorak, 2017).  VP2 is also encoded 
by a relatively well-conserved region of the viral genome with a high degree of amino acid sequence identity 
among stains.  These recent findings provided the rationale to develop largely VP2-specific antibody reagents 
and tests. These monoclonal antibodies were also used for the development of a highly sensitive serological 
SVN assay and an IHC test for virus detection in skin tissue. The monoclonal antibody reagents also have been 
made available to share with other researchers while supplies last.   
 
After the expression and purification of the SVA VP1 & VP2 capsid proteins, we evaluated their ability to 
capture antibody in swine serum via the development of a VP1 & VP2 specific blocking bELISA. The choice of 
detection used in an ELISA assay can affect the overall specificity and influence the performance of the assay.  
Out of 11 unique hybridoma cell lines produced and tested, one VP2-specific mAb was chosen because of its 
high blocking efficacy and ability to maximize the specificity of the bELISA assay. Interestingly, although the 
VP1-specific mAb demonstrated strong antigen affinity via ELISA, its blocking efficacy was very poor during 
early stages of bELISA testing.   
 
Next, the VP2 bELISA test was validated by statistical ROC analysis using over 800 serum samples from 26 
cases and showed a reasonable level of specificity at 93.6%.  This level of specificity is imparted by the 
particular monoclonal antibody and demonstrates that it is highly effective in competing with the detection mAb 
for the nucleoprotein antigen.  The increased level of specificity gives additional that our VP2 antigen 
preparations will detect all SVA variants and not cross-react with the many other related picornaviruses.   
 
The bELISA test format also proved ideal for follow-up testing of unexpected positive results from other testing 
platforms.  Its high specificity was indicated by its ability to resolve 92% of the false positive samples 
previously identified in our first generation iELISA which showed a level of specificity of 89%.  Dvorak et 
al.,2017, also reported a nearly identical level of specificity of 89.7% with their VP2 iELISA.  The bELISA was 
developed primarily as a confirmatory test to other serological tests such as iELISA and IFA tests when 
investigations of unexpected positive results arise in presumably negative herds.  It is possible that the number 
of unexpected positives may be due to a variety of different picornavirus species in circulation that go 
undetected. We hypothesize it is these viruses that contain similar epitopes that complicate the detection of 
SVA antibodies due to high sequence homology and antigenic cross reactivity.   
 
Noteworthy, we found other benefits to the bELISA including its ability to simultaneously detect the 
appearance of a broad range of antibodies including all isotypes and neutralizing species thus decreasing the 
time of serological detection down to just 5 DPV.  This early time point may be due to the detection of the 
early, robust IgM response.  These results are in contrast to a later seroconversion time point of 7-10 DPV using 
our previously published VP2 iELISA.  Also, the bELISA is species independent with the ability to detect SVA 
antibody responses in non-swine species.  This gives researches the added advantage to survey cattle, rodents 
and other animals that have been reported to have developed antibodies against the virus as mentioned in Hales 
et al., 2008.  Overall the bELISA will provide specificity over traditional indirect ELISA formats to 
differentiate between SVA, FMD and other picornaviruses that may share some common epitopes.   
 
The second and third deliverables produced within this grant were the construction of a low cost diagnostic IHC 
test and an improved SVN assay using the FFN format.  The IHC test should be highly specific since it is based 
on use of the 167-214 mAb and will provide value-added tools for the differentiation of other diseases that 
cause vesicular lesions in swine. The neutralizing antibody test initially developed in our laboratory has been 
improved by the addition of a FITC- labeled, monoclonal antibody (170-191) demonstrating  a more intense 
level of  cytoplasmic fluorescence imparting higher levels of sensitivity to the assay.  The test allows for 
relative quantitation of functional neutralizing antibodies in serum also as soon as 5 days post exposure along 
with a duration beyond 6 weeks post vaccination.  For now, the FFN assay should be utilized as a primary test 
or as a confirmatory test for SVA serodiagnosis.  
 



The SVA-VP2 bELISA, IHC and FFN tests will allow high throughput screening of antibodies and antigen in 
response to SVA infection.  These initial tests are adequately optimized for surveillance on the herd level as 
they show good correlation with each other.   Taken together, all three tests will provide producers a much 
needed, sensitive and specific assays to serologically monitor and differentiate incidences of vesicular disease 
outbreak.    
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