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Abstract

Porcine epidemic diarrhea (PED), caused by porcine epidemic diarrhea virus (PEDV), can induce 80-100% mortal-

ity in newborn piglets; therefore, specific and rapid detection methods are important for the prevention of this viral
infection. In particular, methods for detecting neutralizing antibodies (nAbs) can be used to evaluate the immuniza-
tion effect of PEDV vaccines. The spike protein of PEDV (PEDV-S) has been universally used as an antigen to develop
immunoassays to detect nAbs. Nanobodies (Nbs) offer advantages such as ease of genetic engineering and low
production costs, making them promising for diagnostic applications. In this study, PEDV-S was expressed via the bac-
ulovirus system and was used as an antigen to immunize Bactrian camels. A total of 10 Nbs against PEDV-S were first
screened and expressed as fusion proteins with horseradish peroxidase (HRP) in HEK293T cells. A Nb-HRP fusion pro-
tein named PEDV-S-Nb13-HRP was subsequently selected and used as a probe for developing a competitive enzyme-
linked immunosorbent assay (CELISA) to detect anti-PEDV nAbs. Optimization assays identified 80 ng/well of PEDV-S
as the optimal coating antigen concentration. The optimal dilution of PEDV-S-Nb13-HRP was 1:200, and the optimal
serum dilution was 1:10. The cutoff value of cELISA was determined as 28.1%, demonstrating high specificity, repeat-
ability, stability, and good agreement rates with two commercial ELISA kits (93.6%) and a serum neutralization test
(96.34%). Additionally, the results of the detection of IgA antibodies in oral and milk samples from sows were in good
agreement with those of the IDEXX PEDV IgA kit. These results demonstrate that the cELISA is a reliable and cost-
effective method for detecting anti-PEDV nAbs.

Keywords Porcine epidemic diarrhea virus (PEDV), Neutralizing antibody, Spike protein, Nanobody, Competitive
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Introduction

Porcine epidemic diarrhea (PED) is a highly contagious
porcine enteroviral disease caused by porcine epidemic
diarrhea virus (PEDV), which can infect pigs of all ages
(Zhao et al. 2024). The mortality rate in neonatal piglets
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rhea, vomiting and dehydration are the typical symptoms
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of PED (Li et al. 2023b). PEDV was first identified in the
United Kingdom in 1971 (Wood 1977) and then spread
mainly to Asia and Europe (Chen et al. 2008; Debouck
et al. 1980). Since 2013, a PEDV variant has quickly swept
across most swine-producing countries, especially in
Asia and North America, and causing significant eco-
nomic losses (Chung et al. 2015; Mole 2013; Ojkic et al.
2015; Stevenson et al. 2013; Vlasova et al. 2014; Zhang
et al. 2017). Currently, even though vaccines are avail-
able in some countries, PED is still a devastating disease
that severely threatens the global pig industry (Yang et al.
2020; Yao et al. 2023).

As a member of the Coronaviridae family and the
Alphacoronavirus genus, PEDV is a single-stranded
enveloped RNA virus (Liu et al. 2024). Seven open read-
ing frames are located in the viral genome, encoding
several nonstructural replicase proteins and four major
structural proteins (Lee 2015). As the main viral pro-
tein, the spike (S) protein of PEDV (PEDV-S) forms
a coronal structure on the viral surface and faciliates
viral membrane fusion, interacts with cell receptors and
induces neutralizing antibodies (nAbs) in pigs (Chang
et al. 2019a; Li et al. 2017, 2015; Sun et al. 2008). Thus,
PEDV-S is an ideal target protein for vaccine develop-
ment and an antigen for nAb detection (Oh et al. 2014;
Song et al. 2012; Zang et al. 2020). Currently, diagnosis of
PEDV infection in pigs involves the assays used include
virus isolation, indirect immunofluorescence, real-time
RT-PCR, virus neutralization tests and enzyme-linked
immunosorbent assays (ELISAs) (Ma et al. 2019). Sev-
eral ELISAs based on whole virus, nucleocapsid, and
membrane proteins have been developed and commer-
cialized to detect antibodies against PEDV (Fan et al.
2015; Lin et al. 2018). However, these ELISAs have been
reported to cross-react with antibodies against other por-
cine coronaviruses and cannot detect nAbs (Chang et al.
2019b; Gimenez-Lirola et al. 2017). In contrast, cross-
reaction with other porcine coronaviruses and could be
used to detect nAbs in pig sera with approximately 80%
agreement with a serum neutralization test (SNT) (Li
2015; Shan et al. 2022). However, these assays are usually
based on polyclonal antibodies and monoclonal antibod-
ies (mAbs), which require a pure antigen and horseradish
peroxidase (HRP)-labeled mAbs or secondary antibodies.
Thus, their production is expensive, technically demand-
ing and time-consuming. Additionally, traditional anti-
bodies are typically conjugated with alkaline phosphatase
and horseradish peroxidase (HRP) in vitro via chemical
methods (Shan et al. 2022), and the batch-to-batch varia-
tion in conjugation significantly impacts the stability and
repeatability of these assays. These limitations hinder the
universal application of these assays for detecting nAbs
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in pig sera.Nbs are derived from the variable region of
heavy chain antibodies (VHHSs) in camelids and are con-
sidered promising reagents for developing of immunoas-
says in disease diagnosis (Minatel et al. 2023). Compared
with traditional antibodies, Nbs have several attractive
features, including a small molecular weight, easy gene
modification, and low production cost, and have been
used to develop diagnostic immunoassays for diseases
with promising market applications (Duan et al. 2021; Ji
et al. 2020; Lu et al. 2020; Zhao et al. 2022). Moreover,
Nbs can be fused with enzymes to maintain both anti-
body affinity and enzyme activity, which avoids the labe-
ling of antibodies with enzymes in vitro; thus, Nbs may
be considered novel biological molecules for immunoas-
says (Sheng et al. 2019; Zhu et al. 2024).

To address these limitations, this study aimed to
develop a competitive ELISA (cELISA) using nanobody-
HRP fusion proteins for specific detection of PEDV-
neutralizing antibodies. Nbs against PEDV-S were first
screened and then expressed as a fusion protein with HRP.
One Nb-HRP fusion protein (Nb-HRP) was chosen to
develop a competitive ELISA (cELISA) for the detection
of anti-PEDV nAbs. Notably, the results of the cELISA
were highly consistent with those of the SNT, commer-
cial ELISA kits and IDEXX PEDV IgA kits. In addition,
compared to available commercial ELISA kits, nanobody-
HRP-based cELISAs are easier to perform and have a
lower production costs. Therefore, the developed assay
may be an ideal method for PEDV infection surveillance
and for evaluating of the effectiveness of PEDV vaccines.

Results

Construction of a phage display VHH library from the
immunized Bactrian came

SDS-PAGE analysis revealed that PEDV-S was success-
fully expressed by the baculovirus system, which was
purified with the expected size of approximately 180 kDa
(Fig. 1A). After six immunizations with an inactivated
PEDV vaccine, the titer of antibodies against PEDV-S in
the immunized camel reached 1:256,000 (Fig. 1B), indi-
cating that the camel can be induced to strong immune
responses to the inactivated PEDV vaccine.

The VHH genes, with an expected size of approxi-
mately 400 bp, were successfully amplified through two
rounds of PCR from peripheral blood mononuclear cells
(PBMCs) (Fig. 2A). After constructing the phage display
library, colony PCR revealed that the positive rate of
this library was 96% (Fig. 2B). Moreover, the phage dis-
play VHH library was contained approximately 3.8 x 10
individual clones. Sequence analysis of 48 random clones
revealed that each contained a distinct VHH sequence,
indicating a high level of library diversity (Fig. 2C).
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Fig. 1 Determination of purified recombinant PEDV-S and titers of anti-PEDV-S antibodies in the immunized camel. A SDS—PAGE analysis
of recombinant PEDV-S expressed by the baculovirus system. M, protein molecular weight marker; 1, purified recombinant PEDV-S. B Titers
of anti-PEDV-S antibodies in the sera from a camel immunized with the inactivated PEDV vaccine

Screening for specific Nbs against PEDV-S

After three rounds of panning, the phages carrying VHH
genes against PEDV-S were strongly enriched (Table 1).
The results of indirect ELISA with the periplasmic extract
as the primary antibody indicated that 36 colonies bound
specifically to PEDV-S (Fig. 3A). From the 36 colonies, 10
sequences were obtained and named PEDV-S-Nb6, 13,
25, 41, 45, 49, 58, 61, 79 and 86 (Fig. 3B). The titers of
the 10 periplasmic extracts revealed that most of them
reached 1:100 (Fig. 3C).

Production of Nb-HRP fusion proteins against PEDV-S

Sequencing results revealed that the recombinant plas-
mids containing the genes encoding the 10 Nbs fused
with HRP were successfully constructed (data not
shown). After HEK293T cells were transfected with the
plasmids, the immunofluorescence assay (IFA) results
revealed that the 10 Nb-HRP fusion proteins against
PEDV-S were successfully expressed (Fig. 4A). Addition-
ally, the results of direct ELISA using the supernatants
from the transfected HEK293T cells as a primary anti-
body revealed that the 10 Nb-HRP fusion proteins exhib-
ited secretory expression (Fig. 4B). When the 10 Nb-HRP
fusion proteins were used as primary antibodies, the IFA
results revealed that all the proteins could bind to PEDV-
S in the PEDV-infected Vero cells (Fig. 4C). Additionally,
a neutralization test with these Nbs-HRP was also per-
formed. The results revealed that all the PEDV-S-Nbs,
except for PEDV-S-Nb86-HRP, had neutralizing activity.

The neutralizing titers of PEDV-S-Nb6, PEDV-S-Nb25,
PEDV-S-Nb61 and PEDV-S-Nb79-HRP were as high as
1:8, those of PEDV-S-Nb45 and PEDV-S-Nb58-HRP were
1:16, and those of PEDV-S-Nb13, PEDV-S-Nb41, and
PEDV-S-Nb49-HRP were the highest at 1:32 (Fig. 4D).

Optimization conditions of the developed cELISA

The results of cELISA revealed that the P/N value was the
smallest when the assay used PEDV-S-Nb13-HRP as the
competing reagent (Fig. 4E). Therefore, PEDV-S-Nb13-
HRP was chosen to develop a cELISA for the detection
of anti-PEDV antibodies. As a coating antigen, the opti-
mized amount of PEDV-S was 80 ng/well, and the opti-
mized dilution of PEDV-S-Nb13-HRP was 1:200 (200
uL/well) (Table 2). The best dilution of tested pig sera for
the cELISA was 1:10 (Table 3). The incubation time of
the mixture containing pig sera and PEDV-S-Nb13-HRP
with PEDV-S was 60 min, and color development time
was 15 min (Table 4).

Cutoff value of the developed cELISA

The average percentage inhibition (PI) value obtained
from 176 negative pig serum samples was 5.6%, with a
standard deviation of 7.5%. The cutoff value was subse-
quently set at 28.1% (5.6% + 3 x7.5%). This indicates that
pig sera with a PI value at or greater than 28.1% would be
considered positive for anti-PEDV antibodies; sera below
this threshold would be considered negative.
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ESGGGSVQAGGSLRLSCAASG- - - - NT- - - - - VCWYRQAPGKEREF VSAI DRMG- RTNYADF VKGRF 11 SQDNAKNA- - - - VYL QI NSLKPEDTAMYYCKT T PT GPWI AGA- PY- GAG- - - - TWGQGT QVT VSS
ESGGGL VQPGGSLRLSCAASGFT- - FN- - MYAMNVWRQAPGKGL EWWSSI STNGARTVYADSVKGRFTI SRONAKNT- - - - LYLQLNSLKTEDTAMYYC- - ETA- RWVGPPSDYASN- SRGRGTQVTVSS
ESGGGSVQT GGSLRL SCAASGHT - - YTI - - CGMAWYRQAPGKGREL VSNI LRGG- DSYYADSVKGRFT| SQDNAKNT- - - - LYLQMNSLRPEDTAT YYCKAARA- - LDRGS- - CVWHN- - - - DWGQGTQVTVSS
ESGGGSVQAGGSLRL SCAASRL SRSYTD- - YCMGWE RQT PGKEREGVAAAY! GGDI TSYADSVKGRFTI SRDFVKNT- - - - LYLQMNNLKPEDT AMYF CAAG- - - - - TRGPWI CRI SGDVF SYWGQGTQVTVSS

ESGGDSVQAGGSLRL SCAASGGT- - §S- - TDL MGWFRQAPGNEREGVAAEYVRGSSTYYADSVKGRFTI SRDNAKNT
ESGGGSVQAGGSLRLSCVASGYTS- | TYSRCAMSWYRQAPGKEREEVSTI LRGG- ATNYADSVKGRFTVSQDKAKNT
ESGGGSVQPGGSLRLSCVASGFT- - FSR- - FLMKWRQI PGKGREWAS| GRSDDYTSYGDSVEGRFTI SRONDKNT
ESGGGL VQPGGSLRL SCVASGFT- - FSR- - FLMKWRQI PGKGL EWAS| GRSDDYTSYGDSVKGRFTI SRDFVKNT
ESGGGSVQAGGSLRLSCAASG- - - - NT- - - - - VCWYRQAPGKEREFVSAI DRMG- RTNYADF VKGRFTI SQDNAKNA
ESGGGL VQPGGSLRL SCAASGFT- - FGD- - NAMSWRQAPGKGFEWSGI GSGGRDTTYADFVKGRFTI SQDNAKNT
ESGGGSVQAGGSLRL SCAASGFTR- FN- - MYAMNWRQAPGKGL EWSSI STNGARTVYADSVKGRFTI SRDNAKNT

- LYLQLNSLKTEDTAMYYCTKDSE- TAVVGPPSDYASN- - - - SRGRGTQVTVSS
- MYLQMNSLKPEDTAVYYCKTRS- - - E- - GG- DYCEQN- YWGQGTQVTVSS
-LYLQLNSLKPEDTAI YYCEI G- - - - - NSVDGTRPLSG- - - - - RGQGTQVTVSS
- LYLQMNNLKPEDTAMYFCAAG- - - - - TRGPWT CRI SGDVFSVV\GOGTQVTVSS
-VYLQI NSLKPEDTAMYYCKTTPTGPL SAGA- PY- GAG- - - - TWGQGTQVTVSS
- VYLQMNSLRPEDTATYYCKAAR- - - LDRGS- - CVWHN- DWGQGTQVTVSS
-LYLQLNSLKTEDTAMYYC- - ETA» RWVGPPSDYASN- SRGRGTQVTVSS

ESGGGL VQPGGSLRL SCAASGFT- - FSR- - FLMKWRQI PGKGL EWWAS| GRSDDYTSYGDSVEGRFTI SRONDKNT -LYLQLNSLKTEDTAI YYCEI G- - - - - NSVDGTRPLGT- - RGQGTQVTVSS
ESGGGL VQAGGSLRL SCAASG- - - - NT- - - - - VCWYRQAPGKEREFVSAI DRMG- RTNYADFVKGRFTI SQDNAKNA -VYLQI NSLKPEDTAMYYCKTARTI NLSAGA- PYCGAG- TWGQGTQVTVSS
ESGGGSVQAGGSLRLSCVASGYTS- | TYSRCAMSWYRQI PGKEREEVSTI LRGG- ATNYADSVKGRFTVSQDKAKNT - MYLQMNSLKPEDTAVYYCKTR- - - - - - - GG- DYCEAG- - - - TWGQGTQVTVSS
ESGGGL VQPGGSLRL SCAASRL SRSYTD- - YCMGWFRQT PGKEREGVAAAY! GGDI TSYADSVKGRFTI SRDFVKNT - LYLQMNNLKPEDT AMYYCKAG- TRGPWI CRI SGDVFSYV\GQGT QVTVSS
ESGGGSVQPGGSLRLSCVASGFT- - FSR- - FLMKWRQlI PGKGREWAS| GRSDDYTSYGDSVEGRFTI SRONDKNT - LYLQLNSLKPEDTAI YYCEI G~ ----NSVDGTRPLSG- - - - - RGQGTQVTVSS
ESGGGSVQAGGSLRL SCAASRLSRSYTD- - YCMGW RQTPGKEREGVAAAY| GGDI TSYADSVKGRFTI SQDNAKNT - VYLQMNSL SSEDTAMYYCKAV- - - - - VSQDGLDPKG- - AYWGQGTQVTVSS
ESGGGSVQT GGSLRL SCAASRLSR- YTI - - CGMAWYRQAPGKGREL VSNI LRGG- DSYYADSVKGRFTI SQDNAKNT - VYLQMNSLRPEDTATYYCKAAR- - - LDRGS- - GDWHN- DWGQGTQVTVSS
ESGGGL VQPGGSLRL SCAASRLSR- YTI - - CGMAWYRQAPGKGREL VSNI LRGG- DSYYADSVKGRFTI SQDNAKNT - VYLQMNSLRPEDTATYYCKAAR- - - LDRGSDVASWHN- DWGQGTQVTVSS
ESGGGL VQPGGSL WL. SCAASG- - - - | TFSDHTMSWRQAPGKGL EWSGI NSGGGST YYADSVKGRFTVSQDKAKNT - MYLQMNSLKPEDTAVYYCKTR- - - - - GG- DYCEQN- YWGQGTQVTVSS
ESGGGL VQPGGSLRL SCVASGFT- - FSR- - FLMKWRQI PGKGL EWAS| GRSDDYTSYGDSVEGRFTI SRONDKNT -LVLQMNSLKSEDTAI YYCEI G- - - - - NSVDGTRPL SG- - RGQGTQVTVSS
ESGGGSVQT GGSLRL SCAASGHT- - YT- - - CGMAWYRQAPGKGREL VSNI LRGG- DSYYADSVKGRFT- SRDONTKNT - LYLQMDSLKSEDTAMYYCAYCRGG- | CSPTLARTWH- - - - - YWGQGTQVTVSS
ESGGGL VQPGGSLRL SCVASGFT- - FSR- - FLMKWRQI PGKGL EWAS| GRSDDYTSYGDSVKGRFTI SRDFVKNT - LYLQMNNLKPEDTAMYF CAAG- - - - - TRGPWI CRI SGDVFSYWGQGTQVTVSS
ESGGGSVQAGGSLRL SCAASGFTR- FN- - MYAMNWRQAPGKGL EWSSI STNGARTVYADSVKGRFTI SRDNAKNT- - - - LYLQLNSLKTEDTAMYYC- - ETA- RWVGPPSDYASN- - - - SRGRGTQVTVSS
ESGGGSVQT GGSLRL SCAASGHT- - YTI - - CGMAWYRQAPGKGREL VSNI LRGG- DSYYADSVKGRFTI SQDNAKNT- - - - LYLQMNSLRPEDTATYYCKAARA- - LDRGS- - CVWHN- - - - DWGQGTQVTVSS
ESGGGSVQAGGSLRL SCAASRLSRSYTD- - YCMGWFRQT PGKEREGVAAAY| GGDI TSYADSVKGRFTI SQDNAKNT - VYLQMNSL SSEDTAMYYCKAV- - - - - VSQDGL DPKG- - AYWGQGTQVTVSS
ESGGGL VQPGGSLRL SCAASGFT- - FN- - MYAMNWRQAPGKGL EWSSI STNGARTVYADSVKGRFTI SRONAKNT -LYLQLNSLKTEDTAMYYC- - ETA- RWVGPPSDYASN- SRGRGTQVTVSS
ESGGGSVQAGGSLRLSCVASGYTS- | TYSRCAMSWYRQAPGKEREEVSTI LRGG- ATNYADSVKGRFTVSQDKAKNT - MYLQMNSLKPEDTAVYYCKTRS- - - E- - GG- DYCEQN- YWGQGTQVTVSS
ESGGGL VQPGGSLRL SCVASGFT- - FSR- - FLMKWRQI PGKGL EWWAS| GRSDDYTSYGDSVEGRFTI SRONDKNT -LYLQLNSLKTEDTAI YYCEI G- - - - - NSVDGTRPLST - RGQGTQVTVSS
ESGGGSVQAGGSLRL SCVASGYTS- | TYSRCAMSWYRQI PGKEREEVSTI LRGG- ATNYADSVKGRFTVSQDKAKNT - MYLQMNSLKPEDTAVYYCKTR- - - - - - - GG- DYCEAG- TWGQGTQVTVSS
ESGGGSVQT GGSLRL SCAASGHT- - YT- - - CGMAWYRQAPGKGREL VSNI LRGG- DSYYADSVKGRFT- SRONTKNT- - - - LYLQMDSLKSEDTAMYYCAYCRGG- | CSPTLARTWH- - - - - YWGQGTQVTVSS
ESGGGSVQT GGSLRL SCAASRLSR- YTI - - CGMAWYRQAPGKGREL VSNI LRGG- DSYYADSVKGRFTI SQDNAKNT- - - - VYLQMNSLRPEDTAT YYCKAAR- - - LDRGS- - GDWHN- - - - DWGQGTQVTVSS
ESGGGL VQPGGSL RL SCAASRL SRSYTD- - YCMGW RQTPGKEREGVAAAY| GGDI TSYADSVKGRFTI SRDFVKNT - LYLQMNNLKPEDTAMYYCKAG- - - - - TRGPWT CRI SGDVFSYV\KSQGTQVTVSS
ESGGGL VQPGGSLRL SCAASGFT- - FGD- - NAMSWRQAPGKGFEWSGI GSGGRDTTYADFVKGRFTI SQDNAKNT - VYLQMNSLRPEDTATYYCKAAR- - - LDRGS- - CVWHN- - - - DWGQGTQVTVSS
ESGGGL VQPGGSLWL. SCAASG- - - - | TFSDHTMSWRQAPGKGL EWSGI NSGGGSTYYADSVKGRFTVSQDKAKNT - MYLQMNSLKPEDTAVYYCKTR- - - - - - - GG- DYCEQN- YWGQGTQVTVSS
ESGGGL VQAGGSLRL SCAASG “NT----- VCWYRQAPGKEREFVSAI DRMG- RTNYADFVKGRFTI SQDNAKNA - VYLQI NSLKPEDTAMYYCKTARTI NLSAGA- PYCGAG- TWGQGTQVTVSS
ESGGGSVQAGGSLRLSCAASG- - - - NT- - - - - VCWYRQAPGKEREF VSAI DRMG- RTNYADFVKGRFTI SQDNAKNA - VYLQI NSLKPEDTAMYYCKTTPT GPWI AGA- PY- GAG- TWGQGTQVTVSS
ESGGGL VQPGGSLRL SCAASGFT- - FSR- - FLMKWRQI PGKGL EWAS| GRSDDYTSYGDSVEGRFTI SRDNDKNT -LYLQLNSLKTEDTAI YYCEI G- - - - - NSVDGTRPLGT- - RGQGTQVTVSS
ESGGGSVQAGGSLRLSCAASG- - - - NT- - - - - VCWYRQAPGKEREFVSAI DRMG- RTNYADFVKGRFTI SQDNAKNA- - - - VYL QI NSLKPEDTAMYYCKTTPTGPL SAGA- PY- GAG- TWGQGTQVTVSS
ESGGGL VQPGGSLRL SCAASG- - - - FTFNMYAMNWRQAPGKGL EWSSI STNGARTVYADSVKGRFTI SODNAKNAKNAVL YLQI NSLKPEDTAMYYCKTTPTI NLSAGA- PYCGAG- TWGQGTQVTVSS
ESGGGL VQPGGSLRL SCVASGFT- - FSR- - FLMKWRQI PGKGL EWAS| GRSDDYTSYGDSVEGRFTI SRDNDKNT - - LVLQMNSLKSEDTAI YYCEI G- - - - - NSVDGTRPLSG- - - - - RGQGTQVTVSS
ESGGGSVQAGGSLRLSCAASRLSRSYTD- - YCMGW RQTPGKEREGVAAAY!| GGDI TSYADSVKGRFTI SRDFVKNT - LYLQMNNLKPEDTAMYFCAAG- - - - - TRGPWI CRI SGDVFSYWGQGTQVTVSS
ESGGGL VQPGGSLRL SCAASRLSR- YTI - - CGMAWYRQAPGKGREL VSNI LRGG- DSYYADSVKGRFTI SQDNAKNT - VYLQMNSLRPEDTAT YYCKAAR- - - LDRGSDVASWHN- - - - DWGQGTQVTVSS
ESGGDSVQAGGSLRL SCAASGGT- - §S- - TDL MGW RQAPGNEREGVAAEYVRGSSTYYADSVKGRFTI SRDONAKNT- - - - LYLQLNSLKTEDTAMYYCTKDSE- TAVVGPPSDYASN- - - - SRGRGTQVTVSS
A AA A

Fig. 2 Construction and identification of a phage display VHH library. A The VHH genes (approximately 400 bp) were amplified via PCR using

the total RNA extracted from the PBMCs as a template. M, DNA Marker 2000; 1-10, different RNA extracted from the PBMC samples. B Evaluation

of the correct insertion rate of VHH genes into the pMECS vector via PCR. M, DNA Marker 2000; 1-24, different clones. C The VHH library presented
a distinct VHH sequence and good diversity. The residues at positions 37, 44, 45 and 47 are indicated by red arrows, and hydrophilic amino acids are
features of nanobodies

Table 1 Enrichment of specific phage particles against PEDV-S protein during three rounds of panning

Round of panning Input P output N output Recovery P/N
(PFU/well) (PFU/well) (PFU/well) (P/input)

1st round 5x10'° 3% 107 7x10° 6x107° 042

2nd round 5%10'° 1.1%10° 5%10° 22x107 22x10°

3rd round 5%x10'° 1x107 12x10* 2x 107 83x10°
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Fig. 3 Screening and identification of nanobodies (Nbs) against PEDV-S. A Detection of the periplasmic extracts from the specific clones that bind
to PEDV-S via indirect ELISA with PEDV-S as the coating antigen. B Amino acid alignment of 10 screened (Nbs). The residues at positions 37, 44, 45
and 47 are indicated by red arrows, and hydrophilic amino acids are features of (Nbs). C Titers of the 10 (Nbs) in the periplasmic extracts that bind

to PEDV-S

Specificity, reproducibility and stability of the developed
cELISA

Based on the results of the established cELISA, the PI
values of the positive pig sera for antibodies against
other porcine viruses ranged from 2-24% (Fig. 5A),
indicating high specificity of the assay. Additionally,
after positive pig sera from pigs challenged with PEDV
G1 and PEDV G2 were used for detection via cELISA,

the results showed that the developed cELISA could
detect antibodies against different PEDV genotypes
(Fig. 5A). In addition, detection result of 55 positive
pig sera containing nAbs and 22 positive pig sera with-
out nAbs were positive, with PI values ranging from
42-80%, whereas 22 positive pig sera without nAbs
were negative (Fig. 5A). Thus, the specificity of detect-
ing nAbs via cELISA was 100%.
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Fig. 4 Characterization of the 10 PEDV-S-Nb-HRP fusion proteins expressed in HEK293T cells. A Identification of 10 PEDV-S-Nb-HRP fusion proteins
expressed in HEK293T cells by IFA using an anti-HA mAb as the primary antibody and a FITC-labeled goat anti-mouse as the secondary antibody.

B The 10 PEDV-S-Nb-HRP fusion proteins in the culture medium of HEK293T cells directly reacting with TMB, as detected by direct ELISA. C The
binding of the 10 PEDV-S-Nb-HRP fusion proteins to the PEDV-infected Vero cells, as detected by IFA using the fusion proteins as the primary
antibodies. D The 10 PEDV-S-Nb-HRP fusion proteins, with the exception of PEDV-S-Nb86-HRP, had neutralizing activity, as detected by a nanobody
neutralization test. E The 10 PEDV-S-Nb-HRP fusion proteins were blocked from binding to PEDV-S by positive pig sera for the anti-PEDV antibody.
Significant differences were analyzed with a t test and are marked with asterisks and "ns": ****P < 0.0001; ** P<0.01

The five positive and five negative pig serum sam- three plates at different times, the interbatch CV of the
ples for the anti-PEDV antibody were tested three times  PI values ranged from 1.12 to 4.23%, with a mean value
within a plate, and the intra-assay coefficient of variation  of 3.05%. These results indicated good reproducibility of
(CV) of the PI values ranged from 1.01 to 5.79%, with a  the cELISA.
mean value of 3.13%. When these samples were tested on
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Table 2 Optimized amount of PEDV-S protein and dilution of
PEDV-S-Nb13-HRP fusion protein

PEDV-S protein (ng/well) Dilutions of PEDV-S-Nb13-HRP

1:1 1:10 1:100 1:200
80 1.99 1.852 1.272 1.012
100 2.286 2.213 1.512 1111
200 2456 1.952 1.585 1.344
400 2.123 2.203 1.799 1.346

To evaluate the stability of the cELISA, vacuum-dried
plates and Nb-HRP fusion solutions from different
storage times were used to perform direct ELISA and
cELISA. The results of the two ELISAs revealed that the
OD,50n, Vvalues at different months ranged from 0.89
to 1.13 (CV=8.60%) (Fig. 5B), with a good competitive
effect for 6 months (CV=9.31%) (Fig. 5C), indicating that
the PEDV-S-coated plates and PEDV-S-Nb13-HRP solu-
tions stored at 4°C.

Comparison between the developed cELISA

and commercial ELISA kits

A total of 2,238 clinical pig serum samples were tested via
the developed cELISA and two commercial ELISA Kkits,
and the positive rates were 41.8% (936/2,238) and 48.3%
(1,080/2,238), respectively. The results of the two com-
mercial kits were in 100% agreement. The agreement
between the cELISA and commercial ELISA kits was
93.6%. In addition, the statistical analysis revealed that
there were no significant differences (Kappa value >0.4)
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between the cELISA and the two commercial ELISA kits
(Kappa value=0.874).

For the 232 oral and 132 milk samples, the results
of cELISA revealed that the positive rates were 22.0%
(51/232) and 24.2% (32/132), respectively. The results of
the IDEXX PEDV IgA kit revealed that the positive rates
were independently 20.3% (47/232) and 18.9% (25/132).
The agreement between the developed cELISA and the
IDEXX PEDV IgA kit was 96.6% for the oral samples, and
89.9% for the milk samples.

Correlation of the developed cELISA with an SNT

A total of 164 pig serum samples were positive for SNT,
and 85 were positive for anti-PEDV nAbs, with titers
ranging from 1:4 to 1:32 (Table 5). When detected with
the cELISA, 79 samples were also positive, and the five
negative samples that were positive according to the SN'T

Table 4 Optimized incubation and color reaction time of the pig
sera and PEDV-S-Nb13-HRP fusion protein

Times of color Sera type Incubation times of pig sera,
reaction (min) ASFV-Nb75-HRP fusions and
coated antigens (min)
30 40 60
10 Positive 0.589 0.650 0418
Negative 1.300 1.489 1.226
P/N 0453 0437 0.341
15 Positive 0.554 0.594 0.220
Negative 1.300 1.489 1.226
P/N 0426 0399 0.179

Table 3 Optimized dilution of pig sera tested by the developed cELISA

No. serum Sera type Different dilutions of pig sera
1:10 1:20 1:40 1:80 1:160
1 Positive 0.128 0.199 0320 0.562 0.689
Negative 1.134 1123 112 1.119 1.115
P/N 0.113 0177 0.286 0.502 0.618
2 Positive 0323 0413 0.687 0.907 1.005
Negative 1.231 1.229 1.204 1.194 1.191
P/N 0.262 0.336 0.571 0.760 0.844
3 Positive 0.135 0.165 0.257 0443 0.566
Negative 1.031 1.024 1.018 1.021 1.014
P/N 0.131 0.161 0.252 0434 0.558
4 Positive 0.264 0278 0.397 0.523 0.704
Negative 1.065 1.054 1.058 1.061 1.058
P/N 0.248 0.264 0375 0493 0.665
5 Positive 0424 0.528 0.653 0.928 1.070
Negative 1.047 1.134 1.134 1.134 1.134
P/N 0.405 0.466 0576 0.818 0.944
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Fig. 5 Specificity and stability of the developed cELISA. A Detection of antibodies against pig viruses, including PEDV G1, PEDV G2, TGEV, PoRV,
PDCoV, CSFV, ASFV, PRRSV, PCV2 and PRV, and pig sera containing and not containing nAbs against PEDV via the developed cELISA. B Stability
analysis of the PEDV-S-Nb13-HRP fusion protein and coated plates stored at 4°C for different durations via direct ELISA. C Stability analysis

of the developed cELISA to detect anti-PEDV antibodies in pig sera

Table 5 Agreement between serum neutralization test (SNT)
and the developed cELISA

Serum Number cELISA Agreement (%) Kappa value
neutralization

test + -

- 79 0 79 9634 0.883

1:4 1 6 5

1:8 30 29 1

116 24 24 0

1:32 20 20 0

The Kappa value > 0.4 was regarded as no significant difference

had low SN titers of 1:4 and 1:8. The agreement between
the cELISA and the SNT was 96.34% (Table 5), suggest-
ing that the cELISA might be used to evaluate PEDV
nAbs in pig sera.

Discussion

Nbs exhibit distinct advantages over traditional poly-
clonal and monoclonal antibodies, including small mol-
ecules genetically easy to engineer and express in vitro
(Arbabi-Ghahroudi 2017; Greenberg et al. 1995). Nbs
have been widely applied as tools in the research of pro-
tein function, diagnostic reagents and pharmaceuti-
cal drugs in place of conventional antibodies (Beghein
et al. 2017; Wilken et al. 2018). For example, Nbs with
enzymatic molecules as tags, such as HRP, can reduce
the complex processes needed to couple two biological
molecules together in vitro and can reduce the risk of
exposure to dangerous chemicals. Therefore, many Nbs
against different antigens, including bacteria, viruses and
host proteins, have been produced (Abbady et al. 2011;
Qasemi et al. 2016; Sheng et al. 2019). In this study, 10
Nbs against PEDV-S were first screened and shown to

specifically recognize PEDV-infected Vero cells via IFA
(Fig. 4). These Nbs may be ideal tools for investigating the
biological function of PEDV-S.

Monitoring antibodies in sow herds is considered use-
ful for developing preventative strategies against PEDV
infection in piglets (Wang et al. 2022). SNTs are widely
used to detect anti-PEDV nAbs in pig sera. However, the
operating processes of SNT are laborious, complicated,
expensive, and time-consuming (Oh et al. 2005). There-
fore, many attempts have been made to develop sim-
pler, faster, and less expensive methods that may replace
SNTs. For example, indirect ELISAs using complete and
truncated S proteins of PEDV as a coating antigen were
developed to detect anti-PEDV nAbs in pig sera (Wang
et al. 2022). However, owing to the specificity and sen-
sitivity of these indirect ELISAs, none of these methods
have been commercialized. However, the PEDV S protein
plays a crucial role in specific receptor binding and cell
membrane fusion (Kang et al. 2021; Li et al. 2021). The S
protein can recognize cellular receptors through precise
interactions and mediate the production of virus-neutral-
izing antibodies (Bosch et al. 2003). Therefore, it repre-
sents an ideal target for the development of vaccines and
an ideal antigen for nAb detection (Huang et al. 2022).
In this study, the S protein was also selected as the coat-
ing antigen to establish the cELISA, which was the same
as the indirect ELISA for detecting the nAb in pig sera.
Recently, several cELISAs using Nb-HRP fusion proteins
as reagents have been developed to detect antibodies in
the serum, which are apparently better than indirect ELI-
SAs (Duan et al. 2021; Ji et al. 2020; Lu et al. 2020; Zhao
et al. 2022). To date, few reports exist regarding the use of
Nb-HRP-based cELISAs to detect anti-PEDV nAbs in pig
sera. In the present study, we developed and evaluated
a Nb-HRP fusion protein-based cELISA for detecting
anti-PEDV antibodies in pig sera. Compared with SNT,
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cELISA showed an agreement of 96.34% and may have
the potential to replace SN'Ts (Table 5). However, further
analysis suggested that the results of the cELISA were not
fully correlated with the SNT when the SN titers were
low. Further work is needed to improve the correlation
between the two methods.

In this study, when positive pig sera were used as com-
petitive antibodies, 8 of the 10 Nbs were found to com-
petitively bind to the recombinant PEDV-S. Among
them, PEDV-S-Nb13 was selected as the best compet-
ing antibody for developing a cELISA to detect the anti-
PEDV antibody. The developed nanobody-based cELISA
was evaluated for its specificity, sensitivity, and cross-
reactivity. The assay demonstrated exceptional specificity
and sensitivity, with no cross-reactivity observed against
pig sera positive for TGEV, PoRV, PDCoV, PRRSV, CSFYV,
ASFV, PCV2 or PRV. Additionally, intra-assay compari-
son and stability tests confirmed the high reproducibil-
ity and stability of the cELISA. Importantly, the results
of the cELISA were in reasonable correlation with those
of two commercial ELISA kits for detecting anti-PEDV
IgG and in reasonable agreement in detecting anti-PEDV
nAbs with an SNT. Notably, the results of the cELISA
also agreed well with those of the IDEXX PEDV IgA kit
for detecting anti-PEDV IgA in oral and milk samples.
However, the results of the present study also showed
that cELISA failed to quantify SN titers. Given the neu-
tralization effect of serum antibodies, which may be the
result of these antibodies binding to different epitopes of
the S protein, it is not surprising that a cELISA using a
single Nb-HRP molecule was not completely correlated
with the SNT to titrate the nAbs. Multiple Nb-HRP
fusion proteins may be required in a cELISA to establish
such a correlation with an SNT. However, cELISA has
the potential to be easily adapted for the surveillance of
PEDYV infection.

At present, many Nb-HRP fusion protein-based cELI-
SAs have been established for detecting antibodies
against different viruses, including influenza virus, Afri-
can swine fever virus (ASFV), porcine reproductive and
respiratory syndrome virus (PRRSV), porcine circovirus
type 2 (PCV2), porcine parvovirus (PPV), and Newcas-
tle disease virus (NDV) (Duan et al. 2021; Ji et al. 2020;
Lu et al. 2020; Zhao et al. 2022). These cELISAs can be
performed in only one step, in which the tested serum
samples are mixed with the fusion proteins in the coated
plates. In the present study, the developed cELISA for
detecting anti-PEDV nAbs was also a one-step operation
after the plates were coated and blocked. Additionally,
the stored coated plates and Nb-HRP fusion protein were
shown to have good stability for 6 months (Fig. 5). These
results indicate that cELISA may be a promising candi-
date for further development of a commercial ELISA kit.
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Although the developed cELISA is simple to perform,
has a low cost of production, and has good sensitivity and
specificity, the established process of cELISA is highly
complex, and a dedicated technician is required for its
operation. However, notably, after the cELISA was suc-
cessfully established, its production and clinical applica-
tion were convenient. In addition, nanobody-HRP fusion
proteins can be produced on a large scale in vitro, and
cELISA does not require enzyme-labeled secondary anti-
bodies; it is simple to perform, less time-consuming, low-
cost, and easy to use in clinical practice.

Conclusion

In conclusion, 10 Nbs against PEDV-S were screened in
this study, and the 8 Nbs were found to competitively
bind to the recombinant PEDV-S protein when posi-
tive pig sera were used as competition antibodies. Using
PEDV-S-Nb13-HRP as a competing reagent, a cELISA
was developed for testing anti-PEDV nAbs in pig sera.
The cELISA results were highly specific and consistent
with those of the SNT, commercial ELISA and IDEXX
PEDV IgA kits, which suggested that the cELISA may be
an ideal method for detecting anti-PEDV nAbs and eval-
uating the immune status of sows.

Methods

Cells, viruses, proteins, and plasmids

HEK293T and Vero cells from the American Type Cul-
ture Collection (Manassas, VA, USA) were cultured in
Dulbecco’s modified Eagle’s medium (Life Technolo-
gies Corp., USA) supplemented with 10% fetal bovine
serum (Gibco, USA). The PEDV variant strain HNXP,
which belongs to the genotype 2 group (GenBank No.
MT787025), was propagated in Vero cells. The full-length
gene encoding PEDV-S was amplified by PCR from the
HNXP strain and subsequently inserted into a baculo-
virus expression vector (pFastBacl, Thermo Fisher Sci-
entific, USA) using primers pairs (PEDV-S-Forward:
5-TGGTAAGTTGCTAGTGCGTAATA-3 and PEDV-
S-Reverse: 5-AGCACAGCAGCAGCCGCAGC-3’) (Li
et al. 2022). Then, the PEDV-S with His tag was expressed
via the baculovirus expression vector system (Bac-to-Bac
Baculovirus Expression System, Thermo Fisher Scien-
tific, USA) and performed by Guangzhou Qianxun Bio-
technology Co., Ltd., China. The proteins were purified
with Ni NTA Beads 6FF (SMART, Changzhou, China) via
His tag. The purity of the protein was confirmed by SDS-
PAGE. The pMECS vector with HA tags for constructing
the VHH library was kindly provided by Prof. Muyl-
dermans (Vincke et al. 2012). The plasmid for express-
ing Nb-HRP fusion proteins was constructed with the
pCMV-N1-HRP vector (Clontech, Japan) as previously
described (Sheng et al. 2019).
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Serum samples

A total of 176 pig serum samples negative for anti-PEDV
antibody and pig serum samples positive for antibod-
ies against transmissible gastroenteritis virus (TGEV;
n=13), porcine reproductive and respiratory syndrome
virus (PRRSV; n=92), porcine rotavirus (PoRV; n=7),
classical swine fever virus (CSFV; n=11), porcine delta
coronavirus (PDCoV; n=9), African swine fever virus
(ASFV; n=14), porcine circovirus type 2 (PCV2; n=63)
and pseudorabies virus (PRV; n=>54) were confirmed by
commercial ELISA kits, western blot analysis or indirect
immunofluorescence assay (IFA), and stored in our labo-
ratory. Additionally, 23 positive pig serum samples from
pigs challenged with genotype I PEDV (PEDV G1) and
24 positive pig serum samples from pigs challenged with
genotype 2 PEDV (PEDV G2) were also stored in our
laboratory and used to determine the ability of cELISA
to detect antibodies against different PEDV genotypes. A
total of 55 positive pig sera for antibodies against PEDV
were confirmed to contain nAbs by SNT and were used
to evaluate nAb detection via cELISA (Fig. S1). Moreover,
22 positive pig sera samples for antibodies against PEDV
without nAbs were also used to evaluate the specificity of
cELISA (Fig. S1). These pig sera were also confirmed by
SNT and were first attached to the PEDV to ensure that
there were no nAbs in these pig sera. To evaluate the con-
sistency of the three methods, a total of 2,238 pig serum
samples from 12 pig farms were tested via the developed
cELISA and two commercial ELISA kits (NECVB, Hei-
longjiang, China; ID. VET, France). Additionally, 232 oral
fluid samples and 132 milk samples from sows from three
pig farms were tested via cELISA and an IDEXX PEDV
IgA kit IDEXX Laboratories, Inc., Maine, United States)
to evaluate the ability of the assay to detect anti-PEDV
IgA. To evaluate whether the assay could detect nAbs,
164 pig serum samples were also tested with the devel-
oped cELISA and an SN'T.

Bactrian camel immunization and library construction

The Bactrian camel was immunized as previously
described with some modifications (Zhao et al. 2022).
Briefly, a camel was subcutaneously immunized with an
inactivated PEDV vaccine (TECON Biopharmaceutical
Co. Ltd., China). The titer of antibodies against PEDV-S
in the immunized camel was detected via indirect ELISA
with purified PEDV-S as the coating antigen. Anticoagu-
lated blood samples were collected, and the PBMCs were
separated. Total RNA was extracted from lymphocytes
via the Neasy® Plus Mini RNA extraction kit (QIAGEN,
Germany) according to the manufacturer’s instructions.
cDNA was synthesized, and VHH genes were ampli-
fied via nested PCR with paired primers (Table 6). The
amplified genes were digested, ligated into the pMECS

Page 10 of 14

vector, and electrotransformed into Escherichia coli TG1
competent cells. Colonies were scraped from the plates,
and the insertion rate was confirmed via PCR via prim-
ers (Table 6). The positive colonies were then randomly
selected and sequenced to evaluate the positive rate and
diversity of the library as previously reported (Zhao et al.
2022).

Screening and identification of Nbs against PEDV-S

To select Nbs targeting PEDV-S from the library, three
rounds of phage rescue and biological screening were
performed as previously described (Zhao et al. 2022).
All of the positive colonies containing VHH genes were
sequenced and grouped according to their complemen-
tary determining region 3 sequences.

Expression of the Nb-HRP fusion protein in HEK293T cells
Some previous studies have shown that Nb-HRP fusion
proteins can reduce complex processes by coupling the
two molecules together in vitro (Yamagata et al. 2018). In
addition, the use of Nb-HRP fusion protein-based immu-
noassays can eliminate the use of secondary antibodies.
Therefore, Nb-HRP fusion proteins were produced to
develop a cELISA to detect anti-PEDV antibodies on the
basis of previous methods (Duan et al. 2021; Ji et al. 2020;
Lu et al. 2020; Zhao et al. 2022). Briefly, the VHH genes
were inserted into the pCMV-N1-HRP vector. After
sequencing, the positive plasmids were transfected into
HEK293T cells. The expression of the Nb-HRP fusion pro-
tein against PEDV-S was detected by IFA and direct ELISA
with PEDV-S as the coating antigen. In addition, IFA was
performed to demonstrate that the Nb-HRP fusion protein
could bind to the virus in PEDV-infected cells.

Nanobody neutralization test

The nanobody neutralization test was performed as
described in a previous study with some modifications
(Paudel et al. 2014). Briefly, the Nb-HRP fusion proteins
were serially diluted twofold, and the neutralization titer
was defined as the reciprocal of the highest dilution that
completely neutralized the virus. The positive threshold
was set at 1:4.

Table 6 Primers used in this study

Primers Sequences (5" —3")

CALLOO1T GTCCTGGCTGCTCTTCTACAAGG

CALLOO2 GGTACGTGCTGTTGAACTGTTCC

VHH-F CATGTGCAGCTGCAGGAGTCTGGRGGAGG
VHH-R CTAGTGCGGCCGCTGAGGAGACGGTGACCTGGGT
MP57 TTATGCTTCCGGCTCGTATG

Glll CCACAGACAGCCCTCATAG

Restriction sites are underlined. VHH, heavy chain antibody variable region
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Optimization conditions of the developed cELISA

To select the optimal Nb-HRP fusion protein for develop-
ing the cELISA, five positive and five negative pig serum
samples for anti-PEDV antibodies were used to block the
different Nb-HRP fusion proteins from binding to the
PEDV-S protein in the cELISA.

Direct ELISA was used to optimize the amount of coat-
ing antigen and the dilution of the Nb-HRP fusion pro-
tein for cELISA by checkerboard titration. The amounts
of PEDV-S used as coating antigens were 80, 100, 200 and
400 ng/well, and the dilutions of the Nb-HRP fusion pro-
tein were 1:1, 1:10, 1:100 and 1:200. The best conditions
were determined when the OD g, of direct ELISA was
approximately 1.0.

To select the best dilution of pig serum for testing,
five positive and five negative samples were detected via
cELISA. The dilutions of pig sera used were 1:10, 1:20,
1:40, 1:80, 1:160 and 1:320. Notably, the optimal dilution
was determined when the P/N value of cELISA was the
smallest.

The incubation time of the mixture, including the pig
sera and Nb-HRP fusion protein with the coating antigen,
and the time of the colorimetric assay following the addi-
tion of tetramethylbenzidine (TMB) were also optimized
by checkerboard titration via cELISA. The optimized times
were also determined when the P/N was at its minimum.

After the aforementioned optimization, the cELISA
procedure was performed as follows. A 96-well ELISA
plate (Nunc-Immunol Plate Master, Inc.) was coated with
the optimized amount of PEDV-S in 0.01 M PBS (pH
7.4; 100 pL/well) and incubated overnight at 4 °C. After
washing five times with PBS-0.05% Tween-20 (PBST,
300 pL/well), the plate was blocked with blocking buffer
(PBST containing 2.5% nonfat dry milk) for 1 h at room
temperature (RT). After washing five times, the mixture
(100 pL/well) containing the diluted test pig sera and Nb-
HRP fusion protein was added to the plate. After incu-
bation for 1 h at 37°C, the plate was washed five times,
and TMB (100 pL/well) was added and incubated in the
dark for the optimized time at RT. The color reaction
was stopped by the addition of 50 uL. 3 M H,SO,, and the
OD50nm value was tested via an automated ELISA plate
reader (Bio-Rad, USA).

Determination of the cutoff value for the cELISA

A total of 176 pig serum samples negative for the anti-
PEDV antibody were tested to determine the cutoff value
of the developed cELISA. The percentage inhibition (PI)
of the cELISA was calculated as previously described
(Zhao et al. 2022).
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Evaluation of the specificity, reproducibility and stability

of the cELISA

The specificity of the cELISA was evaluated by detecting
sera from pigs infected with other pathogens, including
TGEV, PoRV, PDCoV, CSFV, ASFV, PRRSV, PCV2 and
PRV. Additionally, positive pig sera for antibodies against
PEDV G1 and G2 were used to determine the ability of
cELISA to detect antibodies against different PEDV gen-
otypes. Furthermore, to assess the specificity of detect-
ing anti-PEDV nAbs via cELISA, 55 pig sera containing
nAbs against PEDV and 22 positive pig sera containing
nAbs against PEDV without nAbs were also tested via the
developed cELISA.

Each of the five pig serum samples that were positive
and negative for the anti-PEDV antibody were detected
to evaluate the reproducibility of the developed cELISA.
Each sample was tested within a plate for three replicates
to determine the intra-assay variation and among the dif-
ferent plates to determine the interassay variation. The
coefficient of variation (CV) was subsequently calculated
to analyze the reproducibility of the cELISA.

To evaluate the stability of the developed cELISA,
96-well plates were coated with the purified PEDV-S pro-
tein and blocked with blocking buffer. The samples were
subsequently dried, vacuum-packed and stored at 4°C.
Additionally, the Nb-HRP fusion proteins were stored at
4°C. The plates and fusion proteins were used at 0, 1, 2,
3, 4, 5 and 6 months poststorage to perform cELISA and
direct ELISA.

Comparisons of the developed cELISA with commercial
ELISA kits

A total of 2,238 clinical pig serum samples were tested via
the developed cELISA and two commercial ELISA Kkits,
including the NEVCB PEDV IgG kit (NEVCB, Heilongji-
ang, China) and the ID Screen® PEDV Indirect ELISA
(ID. VET, France). Additionally, 232 oral fluid samples
and 132 milk samples were tested for anti-PEDV IgA
with the developed cELISA and the IDEXX PEDV IgA kit
(IDEXX, USA). The agreement rates between the cELISA
and commercial ELISA kits were subsequently calculated
via Microsoft Excel 2019 (Microsoft, Redmond, Wash-
ington, USA).

Consistency between the developed cELISA and SNT

A total of 164 pig serum samples were tested with the
developed cELISA and an SNT. On the basis of the PI
values of the developed cELISA and the titers of the
SNTs, the agreement of the two assays was calculated via
the Microsoft Excel program.
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