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Porcine epidemic diarrhea virus (PEDV) is a re-emerging enteropathogenic
coronavirus that causes high mortality in neonatal piglets. The addition of
trypsin plays a crucial role in the propagation of PEDV, but also increases the
complexity of vaccine production and increases its cost. Previous studies have
suggested that the S2’ site and Y976/977 of the PEDV spike (S) protein might be
the determinants of PEDV trypsin independence. In this study, to achieve a
recombinant trypsin-independent PEDV strain, we used trypsin-dependent
genotype 2 (G2) PEDV variant AJ1102 to generate three recombinant PEDVs
with mutations in S (S2’ site R894G and/or Y976H). The three recombinant
PEDVs were still trypsin dependent, suggesting that the S2’ site R894 and Y976 of
AJ1102 S are not key sites for PEDV trypsin dependence. Therefore, we used
AJ1102 and the classical trypsin-independent genotype 1 (G1) PEDV strain
JS2008 to generate a recombinant PEDV carrying a chimeric S protein, and
successfully obtained trypsin-independent PEDV strain rAJ1102-S2’355008. iN
which the S2 (amino acids 894-1386) domain was replaced with the
corresponding JS2008 sequence. Importantly, immunization with rAJ1102-S2’
Js2008 induced neutralizing antibodies against both AJ1102 and JS2008.
Collectively, these results suggest that rAJ1102-S2’;50008 IS @ Novel vaccine
candidate with significant advantages, including no trypsin requirement for
viral propagation to high titers and the potential provision of protection for
pigs against G1 and G2 PEDV infections.

KEYWORDS

porcine epidemic diarrhea virus (PEDV), trypsin-independent, chimeric virus,
immunogenicity, neutralizing antibodies

1 Introduction

Porcine epidemic diarrhea virus (PEDV) causes highly contagious and acute viral
enteritis in newborn piglets (1, 2). It is an enveloped, positive-sense, single-stranded RNA
virus belonging to the genus Alphacoronavirus within the family Coronaviridae. Its genome
is approximately 28 kb in length, encoding 16 mature nonstructural proteins and four
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structural proteins (spike glycoprotein [S], small envelope protein
[E], membrane glycoprotein [M], and nucleocapsid protein [N])
(3). Classical PEDV (genotype 1, G1), CV777, was first isolated in
Belgium in 1978 (4). In 2010, an emerging PEDV variant (genotype
2, G2) resulted in a large-scale outbreak of porcine epidemic
diarrhea (PED) in China, with almost 100% mortality in suckling
piglets, leading to tremendous economic losses and sparking
tremendous attention (5-7). PEDV variants were subsequently
reported in many countries in Asia, including South Korea (8),
Japan (9), Vietnam (10), Thailand (11), and the Philippines (12),
and in the main pig-raising countries and regions in the Americas
(13-16) and Europe (17-20). At present, this PEDV variant is a
leading pathogenic cause of piglet diarrhea, and poses an enormous
threat to the global pig industry.

No specific drugs for the treatment of PED are currently
available commercially, so biosafety measures and immunization
are still the main strategies for the prevention and control of PEDV
(21). PEDV is a coronavirus that requires the presence of an
exogenous protease, trypsin, in the cell culture medium for its
propagation (22). Cell cultures require the presence of serum, but
serum has a negative effect on the activity of trypsin. Therefore, the
cells must be washed with phosphate-buffered saline (PBS) and then
added to a medium containing trypsin before they are inoculated
with PEDV. However, using a trypsin-dependent PEDV as a
vaccine strain complicates the process and increases the cost of
vaccine production. Interestingly, there have been reports of the
transformation of trypsin-dependent strains into trypsin-
independent strains by their serial passage or the addition of
glycochenodeoxycholic acid to the cell culture in vitro, including
PEDV strains DR13, CV777, 85-7, 8aa and KPEDV-9 (23-26).
However, the detailed mechanisms of the trypsin-independent or
-dependent activities of PEDV are largely unknown. Understanding
the mechanisms of trypsin-dependent events and generating
trypsin-independent strains should facilitate the development of a
PEDV vaccine.

The PEDV spike (S) protein is an important surface protein that
plays a crucial role in viral infection. Multiple studies have shown
that the addition of trypsin to the cell culture is related to the
cleavage of the PEDV S protein, indicating that S protein is the
trypsin-dependence determinant (24, 27, 28). In the S proteins of
many coronaviruses, including severe acute respiratory syndrome
coronavirus (SARS-CoV), Middle East respiratory syndrome
coronavirus (MERS-CoV), mouse hepatitis virus (MHV), and
infectious bronchitis virus (IBV), an alternative cleavage site (S2')
located upstream from the putative fusion peptide has been
extensively described (29-32). A previous study of PEDV also
mapped the genetic determinant of its trypsin dependence to the
S2' site (R890) just upstream from the putative fusion peptide (28).
However, another study demonstrated that the PEDV S2’ site
(R895) is crucial for viral replication and infection but is not a
prerequisite for trypsin dependence (26). A similar result was also
reported by Tan et al. (27). Sequence alignments from several
studies have also shown that another site, Y976/977, in the S
protein close to the heptad repeat region 1 (HR1) may be the
determinant of the PEDV trypsin-independent phenotype and may
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be a crucial site for PEDV adaptation to Vero cells (24, 26, 33).
However, this remains to be verified with further experiments.

In the present study, we used an infectious clone and the reverse
genetics of PEDV strain AJ1102, a trypsin-dependent G2 PEDV
variant, to demonstrate that S2’ site R894 and Y976 of the AJ1102 S
protein are not trypsin-dependence determinants. We then used
PEDV strain JS2008, a classical trypsin-independent G1 PEDV
strain, and strain AJ1102 to generate chimeric AJ1102 by replacing
the S2 subdomain (amino acids, aa 894-1386) with the
corresponding JS2008 sequence, designating it rAJ1102-S2'js00s-
We showed that rAJ1102-S2'j5500s can be stably passaged
independently of trypsin and has a higher viral titer compared to
AJ1102 in vitro. Importantly, rAJ1102-S2'j5500s induces neutralizing
antibodies against both PEDV strains AJ1102 and JS2008.

2 Materials and methods
2.1 Ethics statement

All procedures involving animal experiments were reviewed,
approved, and conducted in strict accordance with the Animal
Experimental Ethical Inspection of Laboratory Animal Centre,
Huazhong Agricultural University (Ethics Approval Number:
HZAUSW-2023-0001).

2.2 Cells, viruses, and antibodies

Vero cells (ATCC CCL-81) were maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, Grand Island, NY), containing 10%
fetal bovine serum (FBS) at 37°C in a 5% CO, humidified atmosphere.
PEDV strain AJ1102, a highly virulent PEDV variant (G2) isolated from
a neonatal piglet with acute diarrhea in China in 2011 (5), was
propagated in Vero cells supplemented with trypsin (7.5 pg/mL).
PEDV strain JS2008, a classical trypsin-independent virulent PEDV
isolate (G1), kindly provided by Dr. Bin Li at Jiangsu Academy of
Agricultural Sciences (Nanjing, Jiangsu Province, China), was
propagated in Vero cells in medium without trypsin (34). The
monoclonal antibody (mAb) directed against PEDV N protein is
stored in our laboratory, as described previously (35).

2.3 Generation of recombinant viruses

Recombinant PEDVs with a single point mutation (S2’ site
R894G or Y976H) or double mutation (R894G/Y976H) in the
AJ1102 S protein and the chimeric S gene sequence from classical
trypsin-independent PEDV isolate JS2008 were constructed with
the CRISPR/Cas9 technology, as described previously (36). Briefly,
two specific primers (sgRNA-S2'a and sgRNA-S2'b) targeting the
upstream and downstream sequences of the fragment of interest,
respectively, were designed and synthesized. Overlapping PCR
products amplified respectively with primers of sgRNA-S2'a/S2’b
and reverse primer scaffold oligo were used as temples to generate
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sgRNA-a and sgRNA-b (Table 1). pPBAC-AJ1102 was then cleaved
into a linearized BAC vector by the in vitro addition of Cas9,
sgRNA-a, and sgRNA-b. At the same time, fragments containing
one of the S gene sequences with a specific mutation were generated
with overlapping PCR using the indicated primer pairs (PEDV-S2’
F/Mid-Sggos-R and Mid-Sggos-F/PEDV-S2'R, PEDV-S2'E/Mid-
Syoz6n-R and Mid-Sygy¢p-F/PEDV-S2'R) (Table 1) and individually
ligated into the purified linearized BAC vector by homologous
recombination, generating the recombinant BAC plasmids.
Similarly, fragments containing chimeric S genes were generated
with primer pairs (PEDV-S2'F/Mid-Sgo3-R and Mid-Sge3-F/PEDV-
S2'R, PEDV-S2'F/Mid-Spgosc-R and Mid-Spgosq-F/PEDV-S2'R)
(Table 1). Vero cells seeded in 12-well plates (2 pg/well) and
grown to 80% confluence were transfected with one or other of
3000
(Invitrogen). At 6 h posttransfection, the medium was replaced
with DMEM containing 7.5 ug/mL trypsin or 2% FBS. The
transfected cells were cultured at 37°C in a humidified

these recombinant plasmids using Lipofectamine®

atmosphere containing 5% CO, and observed daily with a
fluorescence microscope (Nikon) for the appearance of a
cytopathic effect (CPE).

2.4 Indirect immunofluorescence assay

Vero cells seeded in 24-well plates were infected with PEDV for
24 h. The cells were then fixed with 4% paraformaldehyde for
15 min and permeabilized with cold methanol for 15 min at room
temperature. They were then washed three times with PBS and
blocked with 5% bovine serum albumin for 1 h. After three washes
with PBS, the cells were incubated with an anti-PEDV N mAb for
1 h, and then with fluorescein isothiocyanate (FITC)-conjugated
goat anti-mouse IgG antibody and 0.01% 4',6-diamidino-2-
phenylindole (DAPI). After the samples were washed three times
with PBS, fluorescent images were visualized with a fluorescence
microscope (Nikon).

TABLE 1 Primers used for the construction of recombinant PEDVs.

10.3389/fimmu.2023.1165606

2.5 Plaque assay

Monolayers of Vero cells in six-well plates were incubated with
500 UL of 10-fold serially diluted viral samples for 1 h at 37°C with
periodic gentle rocking. The treated cells were washed three times
with DMEM to remove unabsorbed virus, and then overlain with 1
mL of DMEM containing 1.5% methylcellulose and 7.5 ug/mL
trypsin. After incubation at 37°C for 48 h, the cells were fixed with
4% paraformaldehyde and stained with 0.1% crystal violet.

2.6 Viral multistep growth
curve construction

Vero cells in 12-well plates were inoculated with PEDV at a
multiplicity of infection (MOI) of 0.1 in the presence or absence of
trypsin. The cell supernatants were collected at different time points (6,
12, 18, 24, 30, 36, 42, and 48 h post-infection (hpi)) and subjected to a
median tissue culture infective dose (TCIDs) assay (37).

2.7 Neutralization test

The serum-neutralizing antibody titers were determined with a
virus neutralization test in 96-well cell culture plates. Briefly, Vero
cells were grown to 2 x 10*/well in 96-well tissue culture plates for 1
day. The viral stock was diluted with serum-free DMEM to 200
TCIDs in a 50-uL volume. The diluted virus was then mixed with
50 pL of two-fold serial dilutions of each inactivated serum sample
in a 96-well plate and incubated at 37°C for 1 h. The Vero cells were
inoculated with the mixture and incubated at 37°C for 1 h. After the
mixture was removed, the cells were thoroughly rinsed three times
with PBS and maintained in virus growth medium at 37°C in a 5%
CO, incubator. After incubation for 48 h, the serum neutralization
(SN) titer was determined as the reciprocal value of the highest
serum dilution that inhibited the PEDV-specific CPE.

Primer Sequence (5'- 3)

sgRNA-52'a TTCTAATACGACTCACTATAGCATCTGACACTACTATCAATGTTTTAGAGCTAGA
sgRNA-52'b TTCTAATACGACTCACTATAGGCCACGTGCAGTGATGTTTCTGTTTTAGAGCTAGA
scaffold oligo AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC
PEDV-S2'F CATCTGACACTACTATCAAT

PEDV-$2'R CGTGTATTGAAAAAGTCCAAG

Mid-Sggosc-F AGTGGCAGGGTGGTACAAAAAGGGTCTTTTATTGAAGACCTGC

Mid-Ssosc-R GCAGGTCTTCAATAAAAGACCCTTTTTGTACCACCCTGCCACT

Mid-Syozer-F GCGGCATTGCCTTTTAGCGATGCTGTTCAAGCGAGACTGAATTATC

Mid-Syozer-R CAGTCTCGCTTGAACAGCATCGCTAAAAGGCAATGCCGCTG

Mid-So3-F TACAGACGGATGTTCTACAGCGCAACCAGCAATTGCTTGC

Mid-Sgo3-R GCAAGCAATTGCTGGTTGCGCTGTAGAACATCCGTCTGTA
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2.8 Immunization of piglets with
inactivated recombinant PEDVs

Twenty-five 28-day-old piglets, born from transmissible
gastroenteritis virus (TGEV)- and PEDV-negative sows, were
randomly divided into five groups (Table 2). Four groups of
piglets (n = 5 per group) were immunized intramuscularly in the
neck with 2 mL of inactivated wild-type or recombinant PEDV
containing 50% adjuvant (MontanideTM ISA 201 ®, SEPPIC,
France), followed by a booster immunization 2 weeks later. Final
bleeding was performed 8 weeks after the last immunization. The
control group of piglets (n = 5) were immunized with DMEM and
50% adjuvant. Each serum sample was tested for SN titers against
AJ1102 and JS2008, as described above.

2.9 Statistical analysis

Statistical analysis of the data was performed with the
GraphPad Prism 8.4.3 software (San Diego, CA, USA), using
Student’s f test or two-way analysis of variance (ANOVA) for
multiple comparisons. Error bars indicate standard deviations.
The level of significance is expressed as *P < 0.05, **P < 0.01,
***P < 0.001, or ns: not significant.

3 Results

3.1 Sites R894 and Y976 of S protein are
not determinants of trypsin dependence of
strain AJ1102

Previous studies have suggested that the S2” site and Y976/977 of
PEDV S might be the determinants of PEDV trypsin-independent
passage (26, 28). To investigate whether amino acid mutations at these
two sites of the S protein altered the trypsin dependence of strain
AJ1102, we first determined the S2’ site R894 and Y976 close to the
fusion peptide or HR1 of AJ1102, respectively, with a sequence
alignment (Figures 1A, B). We then generated the linearized plasmid
pBAC-AJ1102 by the in vitro addition of Cas9, sgRNA-a and sgRNA-b
(Figure 1C). Three recombinant BAC plasmids (pBAC-AJ1102-S-
R894G, pBAC-AJ1102-S-Y976H, and pBAC-AJ1102-S-R894G/
Y976H) with a single point mutation (R894G or Y976H) or double
mutation (R894G/Y976H) in S, respectively, were successfully

TABLE 2 Inoculation dosage of individual group of pig with different PEDVs.

Group Vaccination Immunization dose
1 AJ1102 10%°TCIDso/mL

2 rAJ1102 10%°TCIDso/mL

3 JS2008 10%°TCID5o/mL

4 rAJ1102-S2" 155008 10%°TCID5o/mL

5 DMEM -
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constructed with homologous recombination between the linearized
plasmid pBAC-AJ1102 and the DNA fragments containing mutations
at sites encoding R894 and/or Y976 in the S gene, as confirmed with the
DNA sequencing (Figure 1D). After Vero cells were transfected
separately with each of the three recombinant BAC plasmids, the
recombinant viruses were rescued and the CPEs monitored
(Figure 1E). These recombinant PEDVs were designated rAJ1102-S-
R894G, rAJ1102-S-Y976H, and rAJ1102-S-R894G/Y976H,
respectively (Figure 1E). To our surprise, like the rescued wild-type
AJ1102 (rAJ1102), all three recombinant PEDVs induced extensive
syncytium formation in Vero cells in the presence of trypsin
(Figure 1F), demonstrated with an IFA. However, rare infections of
rAJ1102-S-R894G, rAJ1102-S-Y976H, and rAJ1102-S-R894G/Y976H
were observed in the absence of trypsin (Figure 1F). These results
confirmed that the mutation of R894 and/or Y976 does not alter the
trypsin dependence of strain AJ1102, suggesting that R894 and Y976 in
the AJ1102 S protein are not sites responsible for the trypsin
dependence of PEDV strain AJ1102.

3.2 Trypsin promotes the infection of
trypsin-dependent strain AJ1102, but not
trypsin-independent strain JS2008

Because our results showed that mutations at R894 and/or Y976 of
the S protein did not alter the trypsin dependence of strain AJ1102, we
constructed a chimeric virus by replacing the S gene of strain AJ1102
with that of a classic trypsin-independent PEDV isolate, JS2008, of
genotype G1. A previous study suggested that trypsin is not essential
for the propagation of JS2008 in cell culture (34). Therefore, we
characterized the growth of strains AJ1102 and JS2008 in the
presence and absence of trypsin with IFA and a multistep growth
curve assay. As shown in Figure 2A, only in the presence of trypsin did
AJ1102 display highly efficient infection, with the formation of large
syncytia in Vero cells. However, AJ1102 infection was strictly limited in
the absence of trypsin (Figure 2A). In contrast, JS2008 more efficiently
infected Vero cells in the absence of trypsin than in its presence, and it
induced no obvious syncytium formation (Figure 2A). Consistent with
the results of the IFA, multistep growth curves showed that the titers of
strain AJ1102 in the presence of trypsin were higher than those in the
absence of trypsin during the viral infection process (Figure 2B).
However, strain JS2008 reached a higher viral titer without trypsin
than with trypsin during the viral infection process (Figure 2C).
Furthermore, the highest titer of strain AJ1102 in the presence of
trypsin was lower than that of strain JS2008 in the absence of trypsin
(Figures 2B, C). These results indicate that strains AJ1102 and JS2008
have different trypsin dependence and that trypsin enhances the
infection of trypsin-dependent strain AJ1102, but negatively affects
the infection of trypsin-independent strain JS2008.

3.3 S2 (aa 894-1386) is required for the
trypsin dependence of strain AJ1102

Previous studies have shown that the S2 subunit is the main
determinant of PEDV trypsin dependence and S2 (aa 720-892) is
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Sites R894 and Y976 in S protein are not determinants of trypsin dependence of PEDV strain AJ1102. (A) Amino acid alignment of S2 domains of
AJ1102 and JS2008. Dotted green and purple boxes represent the S2’ site R894 and Y976, respectively. Black underline indicates the sequence of
the fusion peptide (FP). (B) Schematic overview of the construction of recombinant BAC plasmids with a single point mutation (R894G or Y976H) or

a double mutation (R894G/Y976H) in AJ1102 S protein. (C) Agarose gel

electrophoresis of sgRNA-a and sgRNA-b and linearized pBAC-AJ1102 in

vitro. (D) Identification of the recombinant BAC plasmids with amino acid mutations (pBAC-AJ1102-S-R894G, pBAC-AJ1102-S-Y976H, and pBAC-
AJ1102-S-R894G/Y976H) with DNA sequencing. Red dotted boxes indicate amino acid mutation sites. (E) Observation of CPEs in Vero cells infected
with different recombinant PEDVs at 24 hpi in the presence of trypsin. Scale bars, 100 um. (F) Immunofluorescent assay of Vero cells infected with
different recombinant PEDVs (MOI = 0.1) in the presence or absence of trypsin. Scale bars, 100 pm
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Growth characteristics of strains AJ1102 and JS2008 with and without trypsin. (A) Vero cells were infected with AJ1102 or JS2008 at a multiplicity of
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also not associated with the trypsin dependence (27). Therefore, we
speculated that S2(aa 894-1386) is crucial domain required for the
trypsin dependence of strain AJ1102 with a sequence alignment. To
determine which domain in the S2 (aa 894-1386) subdomain is
responsible for this trypsin dependence, we divided it into three
parts: S2 (aa 894-993), S2 (aa 994-1386), and S2 (aa 894-1386)
domains (Figure 3A). Three recombinant BAC plasmids, pBAC-
AJ1102-S2(aa 894-993);52005, pPBAC-AJ1102-S2(aa 994-1386);52005»
and pBAC-AJ1102-S2(aa 894-1386);s200s, in which one of the three
S2 domains of the AJ1102 S gene was replaced with the
corresponding domain of JS2008, were successfully constructed
using the previously established method for the rapid
manipulation of the PEDV genome with the CRISPR/Cas9
technology (36). They were confirmed with DNA sequencing
(Figures 3B, C). However, after Vero cells were transfected with
each of the three recombinant BAC plasmids, only one chimeric
virus, in which the S2 (aa 894-1386) domain was replaced with the
corresponding domain of JS2008, designated rAJ1102-S2'j5500s, Was
successfully recovered. Unlike rAJ1102, rAJ1102-52"js500s achieved
trypsin-independent infection without syncytium formation,
causing extensive cell death (lysis) without cell fusion
(Figure 3D). Interestingly, in the presence of trypsin, the typical
plaque morphology of the rAJ1102-infected Vero cells was
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observed, whereas the cells infected with rAJ1102-52'j55005 did
not form plaques (Figure 4A). We also examined the growth
curves of rAJ1102 and rAJ1102-S2'js500s in the presence and
absence of trypsin. As expected, the growth phenotypes of
rAJ1102 and rAJ1102-S2'j55003 Were similar to that of the wild-
types AJ1102 and JS2008, respectively (Figures 4B, C). Recombinant
strain rAJ1102-52js500s reached a higher titer without trypsin than
the titer of strain AJ1102 in the presence of trypsin during the viral
infection process (Figures 4B, C). Taken together, these results
demonstrate that S2 (aa 894-1386) is the key domain responsible for
the trypsin dependence of strain AJ1102.

3.4 Immunogenicity of recombinant PEDVs
in piglets

To investigate whether the altered trypsin independence of
recombinant PEDV rAJ1102-52'js5005 affects its immunogenicity and
whether rAJ1102-52'js5005 provides cross-immune protection against
both PEDV AJ1102 and JS2008 infections, we performed animal
experiments, as described in the Material and Methods. Briefly, five
groups of 28-day-old piglets, born from TGEV- and PEDV-negative
sows, were vaccinated intramuscularly with 2 mL of inactivated wild-
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type or recombinant PEDV (10%° TCIDso/mL) or of DMEM as a control
group and then with a booster immunization 2 weeks later. Serum
samples were collected at the indicated days postvaccination (dpv) and
the SN titers against AJ1102 and JS2008 were determined (Figure 5A).
Low SN titers against AJ1102 or JS2008 were detected at 14 dpv in the
serum of piglets vaccinated with the different inactivated PEDVs, and
increased rapidly to the average peak titer at 45 dpv (Figures 5B, C).
Strains rAJ1102-S2"js2008, AJ1102, and rAJ1102 induced similar levels of
neutralizing antibodies against strain AJ1102. However, strain JS2008
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induced the lowest level of neutralizing antibodies against AJ1102 at 0-
73 dpv (Figure 5B). Based on the results shown in Figure 5B, we
determined the neutralizing antibody titers in the sera of piglets
vaccinated with the different inactivated PEDVs against JS2008 strain
at 14, 31, and 45 dpv. As shown in Figure 5C, strain JS2008 induced the
highest level of neutralizing antibodies against JS2008 on all dpv tested.
Thelevel of neutralizing antibodies induced by rAJ1102-52"js00s against
JS2008 strain was second highest. However, strains AJ1102 and rAJ1102
induced similar and the lowest levels of neutralizing antibodies against
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Growth characteristics of rAJ1102 and rAJ1102-S2'3s500s. (A) Plague assays of rAJ1102 and rAJ1102-S2’ 552008 in Vero cells. (B, C) Growth kinetics of
rAJ1102 (B) and rAJ1102-S2’ 355008 (C) in Vero cells with or without trypsin. **P < 0.01, ***P < 0.001.

strain JS2008 on the same dpv. These results show that rAJ1102-52"j5500s
induced neutralizing antibodies against PEDV strains AJ1102
and JS2008.

4 Discussion

The requirement of exogenous trypsin for PEDV proliferation
makes it difficult to isolate and culture this virus, and to achieve
high viral titers in vitro, increasing both the cost and complexity of
vaccine production. Therefore, the construction of trypsin-
independent PEDV strains may facilitate the development of
novel vaccines, probably genetically engineered vaccines. In this
study, we have demonstrated that the S2 (aa 894-1386) domain is
the determinant of trypsin dependence of PEDV strain AJ1102. The
chimeric virus rAJ1102-S2'js5500s induced neutralizing antibodies
against both PEDV strains AJ1102 and JS2008.

Although trypsin is necessary for the optimized propagation of
most PEDV isolates, it complicates the production of PEDV vaccines.
Therefore, the mechanism of trypsin activity in the context of PEDV
infection has become a hot topic. Whether the S2’ site of the PEDV S
protein is a potential cleavage site and trypsin-dependence
determinant is currently controversial (26-28). Moreover, another
amino acid site (Y976/977) of PEDV S protein has been reported to be
a potential determinant of the PEDV trypsin-independent phenotype
(24, 26). In this study, we have demonstrated that recombinant AJ1102
with a single point mutation at R894G or Y976H or a double mutation

Frontiers in Immunology

at these sites (R894G/Y976H) still required trypsin to effectively infect
cells (Figure 1), indicating that the R894 and Y976 sites of the AJ1102 S
protein are not critical for the trypsin dependence of PEDV. However,
we cannot exclude the possibility that Y976 is a determinant of the viral
trypsin-independent phenotype in other PEDV strains. We speculate
that some discrepancies in the key site(s) of PEDV trypsin
independence reported previously may be attributable to the analysis
of different PEDV strains. Li et al. demonstrated that creating an
artificial furin cleavage site at the S2’ position allowed trypsin-
independent PEDV infection (38), suggesting that cleavage upstream
from the fusion peptide is a necessary requirement for the fairly
complex activation of the coronavirus S protein. Tan et al. reported
that trypsin-enhanced infection of PEDV is determined by the S2
subunit of the S protein (27). Our results showed that the S2 (aa 894-
1386) domain of the PEDV AJ1102 S protein is responsible for the
trypsin-independent phenotype. This is the smallest subdomain of the
S protein reported to determine PEDV trypsin dependence. Previous
studies have indicated that trypsin cleavage of the S protein occurs after
coronavirus-receptor binding, facilitating viral entry and release (39,
40). Many studies have shown that trypsin promotes cell-cell fusion
and thus highly efficient coronavirus infection (41). The evolutionary
adaptation of the coronaviruses to utilize proteases such as trypsin,
cathepsin, furin, and transmembrane serine proteases to activate their
S proteins may increase their cell adaptability and tropism (33, 41).
However, the precise relationships between trypsin, cell-cell fusion,
viral infection, and cell adaptability are still largely unclear and warrant
further research.
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Evaluation of immunogenicity of recombinant PEDVs in piglets.
(A) Schematic overview of animal experiments, including immune
procedures and specimen collection schedule. (B, C) Detection of
specific neutralizing antibody levels against strain AJ1102 (B) or
JS2008 (C) in the sera of piglets immunized with wild-type or
recombinant PEDVs on different days postvaccination. ns: not
significant; *P < 0.05, **P < 0.01, ***P < 0.001.

Previous studies have shown that trypsin-independent PEDV
strains often achieve higher titers than trypsin-dependent strains (23,
26), which can reduce the cost of vaccine production because the viral
antigen content in these cultures is high. In this study, we generated the
chimeric virus rAJ1102-S2'js5008, characterized by no trypsin
requirement for its propagation to high titers in vitro. After 30
passages, the titer of rAJ1102-S2j500 Was more than 10%° TCIDsy/
mL (data not shown), indicating that rAJ1102-S2'js500s has excellent
viral fitness in Vero cells. Interestingly, an immunogenicity analysis
showed that rAJ1102-S2'js200s induced neutralizing antibodies against
both PEDV strains AJ1102 and JS2008. Epidemiological investigations
have indicated that G2 variants are the predominant PEDV strains in
circulation, but the classical G1 strains are still present and circulating in
China and other countries (42, 43). Therefore, rAJ1102-S2"j5500s may be
an important alternative novel vaccine strain because it simultaneously
provides protection against both G1 and G2 PEDV infections.
Importantly, it should also reduce the cost and simplify the process of
PEDV vaccine production. Further research is required, including
vaccination and passive protection studies of rAJ1102-S2'js5005 in
pregnant sows and neonatal piglets. Previous studies have shown that
PEDV has four B-cell epitopes in the S protein: the core neutralizing
epitope (COE) (aa 499-638), SS2 (aa 748-755), and SS6 (aa 764-771) in
the SI subunit and epitope 2C10 (aa 1368-1374) in the S2 subunit (44-
47). Many researchers have developed PEDV subunit vaccines based on
COE expressed in recombinant lactobacilli, Bacillus subtilis, tobacco
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plants, and Salmonella flagellin (48-51). rAJ1102-S2'js2005 containing
only the COE, SS2, and SS6 epitopes produced similar levels of
neutralizing antibodies directed against strain AJ1102, suggesting that
the COE, SS2, and SS6 epitopes are the most important for variant
PEDV strains, whereas the 2C10 epitope is not. In contrast, rAJ1102-S2’
js200s containing the 2C10 epitope also induced a high level of
neutralizing antibodies against strain JS2008, although the antibody
level was lower than that induced by strain JS2008. We speculate that
the 2C10 epitope, as well as the COE, SS2, and SS6 epitopes, plays a
crucial role in the induction of neutralizing antibodies by JS2008.
However, these speculations remain to be investigated.

In conclusion, we confirmed that the S2 (aa 894-1386) domain
is responsible for the trypsin dependence of PEDV strain AJ1102.
We also generated the chimeric PEDV, rAJ1102-S2'j55008, Which
not only proliferated effectively in the absence of trypsin but also
induced neutralizing antibodies against both AJ1102 and JS2008,
suggesting that rAJ1102-52'js500s has potential utility as a vaccine
candidate based on its obvious advantages.

Data availability statement

The original contributions presented in the study are included
in the article. Further inquiries can be directed to the
corresponding authors.

Ethics statement

All procedures involving animal experiments were reviewed,
approved, and conducted in strict accordance with the Animal
Experimental Ethical Inspection of Laboratory Animal Centre,
Huazhong Agricultural University (Ethics Approval Number:
HZAUSW-2023-0001).

Author contributions

ML, SX, and LF conceived the research project, designed the study,
directed the entire research activities. ML and PF interpreted data and
wrote the manuscript. ML, YZ, and YF performed experiments. All
authors contributed to the article and approved the submitted version.

Funding

This work is supported by the National Key Research and
Development Program of China (2022YFD1800801 and
2022YFD1800803).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1165606
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Have P, Moving V, Svansson V, Uttenthal A, Bloch B. Coronavirus infection in
mink (Mustela vison): Serological evidence of infection with a coronavirus related to
transmissible gastroenteritis virus and porcine epidemic diarrhea virus. Vet Microbiol
(1992) 31(1):1-10. doi: 10.1016/0378-1135(92)90135-g

2. Sueyoshi M, Tsuda T, Yamazaki K, Yoshida K, Nakazawa M, Sato K, et al. An
immunohistochemical investigation of porcine epidemic diarrhoea. J Comp Pathol
(1995) 113(1):59-67. doi: 10.1016/50021-9975(05)80069-6

3. Kocherhans R, Bridgen A, Ackermann M, Tobler K. Completion of the porcine
epidemic diarrhoea coronavirus (PEDV) genome sequence. Virus Genes (2001) 23
(2):137-44. doi: 10.1023/A:1011831902219

4. Takahashi K, Okada K, Ohshima K. An outbreak of swine diarrhea of a new-type
associated with coronavirus-like particles in Japan. Jpn J Vet Sci (1983) 45(6):829-32.
doi: 10.1292/jvms1939.45.829

5. BiJ, Zeng SL, Xiao SB, Chen HC, Fang LR. Complete genome sequence of porcine
epidemic diarrhea virus strain AJ1102 isolated from a suckling piglet with acute
diarrhea in China. J Virol (2012) 86(19):10910-1. doi: 10.1128/JV1.01919-12

6. Li W, Li H, Liu Y, Pan Y, Deng F, Song Y, et al. New variants of porcine epidemic
diarrhea virus, China. Emerg Infect Dis (2012) 18(8):1350-3. doi: 10.3201/eid1803.120002

7. Pan YF, Tian XY, Li W, Zhou QF, Wang DD, Bi YZ, et al. Isolation and
characterization of a variant porcine epidemic diarrhea virus in China. Virol J (2012)
9:195. doi: 10.1186/1743-422X-9-195

8. Kim SH, Lee JM, Jung ], Kim IJ, Hyun BH, Kim HI, et al. Genetic characterization
of porcine epidemic diarrhea virus in Korea from 1998 to 2013. Arch Virol (2015) 160
(4):1055-64. doi: 10.1007/s00705-015-2353-y

9. Masuda T, Murakami S, Takahashi O, Miyazaki A, Ohashi S, Yamasato H, et al. New
porcine epidemic diarrhoea virus variant with a large deletion in the spike gene identified in
domestic pigs. Arch Virol (2015) 160(10):2565-8. doi: 10.1007/s00705-015-2522-z

10. Vui DT, Tung N, Inui K, Slater S, Nilubol D. Complete genome sequence of
porcine epidemic diarrhea virus in Vietnam. Genome Announc (2014) 2(4):e00753-14.
doi: 10.1128/genomeA.00753-14

11. Cheun-Arom T, Temeeyasen G, Srijangwad A, Tripipat T, Sangmalee S, Vui DT,
et al. Complete genome sequences of two genetically distinct variants of porcine
epidemic diarrhea virus in the eastern region of Thailand. Genome Announc (2015) 3
(3):e00634-15. doi: 10.1128/genomeA.00634-15

12. Paraguison-Alili R, Domingo CY. Phylogenetic tracking of current porcine
epidemic diarrhea virus (PEDV) strains in the Philippines. Arch Virol (2016) 161
(9):2601-4. doi: 10.1007/s00705-016-2938-0

13. Chen Q, Li G, Stasko J, Thomas JT, Stensland WR, Pillatzki AE, et al. Isolation
and characterization of porcine epidemic diarrhea viruses associated with the 2013
disease outbreak among swine in the united states. J Clin Microbiol (2014) 52(1):234-
43. doi: 10.1128/JCM.02820-13

14. Jung K, Wang Q, Scheuer KA, Lu Z, Zhang Y, Saif L]. Pathology of US porcine
epidemic diarrhea virus strain PC21A in gnotobiotic pigs. Emerg Infect Dis (2014) 20
(4):662-5. doi: 10.3201/eid2004.131685

15. Lowe J, Gauger P, Harmon K, Zhang ], Connor ], Yeske P, et al. Role of
transportation in spread of porcine epidemic diarrhea virus infection, united states.
Emerg Infect Dis (2014) 20(5):872-4. doi: 10.3201/eid2005.131628

16. Stevenson GW, Hoang H, Schwartz KJ, Burrough ER, Sun D, Madson D, et al.
Emergence of porcine epidemic diarrhea virus in the united states: Clinical signs,
lesions, and viral genomic sequences. J Vet Diagn Invest (2013) 25(5):649-54. doi:
10.1177/1040638713501675

17. Pasick J, Berhane Y, Ojkic D, Maxie G, Embury-Hyatt C, Swekla K, et al.
Investigation into the role of potentially contaminated feed as a source of the first-
detected outbreaks of porcine epidemic diarrhea in Canada. Transbound Emerg Dis
(2014) 61(5):397-410. doi: 10.1111/tbed.12269

18. Grasland B, Bigault L, Bernard C, Quenault H, Toulouse O, Fablet C, et al.
Complete genome sequence of a porcine epidemic diarrhea s gene indel strain isolated
in france in december 2014. Genome Announc (2015) 3(3):e00535-15. doi: 10.1128/
genomeA.00535-15

19. Hanke D, Jenckel M, Petrov A, Ritzmann M, Stadler ], Akimkin V, et al.
Comparison of porcine epidemic diarrhea viruses from Germany and the united states,
2014. Emerg Infect Dis (2015) 21(3):493-6. doi: 10.3201/eid2103.141165

20. Boniotti MB, Papetti A, Lavazza A, Alborali G, Sozzi E, Chiapponi C, et al.
Porcine epidemic diarrhea virus and discovery of a recombinant swine enteric
coronavirus, Italy. Emerg Infect Dis (2016) 22(1):83-7. doi: 10.3201/eid2201.150544

Frontiers in Immunology

10.3389/fimmu.2023.1165606

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

21. Li Z, Ma Z, Li Y, Gao S, Xiao S. Porcine epidemic diarrhea virus: Molecular
mechanisms of attenuation and vaccines. Microb Pathog (2020) 149:104553. doi:
10.1016/j.micpath.2020.104553

22. Hofmann M, Wyler R. Propagation of the virus of porcine epidemic diarrhea in cell
culture. ] Clin Microbiol (1988) 26(11):2235-9. doi: 10.1128/jcm.26.11.2235-2239.1988

23. Song DS, YangJS, Oh JS, Han JH, Park BK. Differentiation of a vero cell adapted
porcine epidemic diarrhea virus from Korean field strains by restriction fragment
length polymorphism analysis of ORF 3. Vaccine (2003) 21(17-18):1833-42. doi:
10.1016/50264-410X(03)00027-6

24. Kim Y, Oh C, Shivanna V, Hesse RA, Chang KO. Trypsin-independent porcine
epidemic diarrhea virus US strain with altered virus entry mechanism. BMC Vet Res
(2017) 13(1):356. doi: 10.1186/5s12917-017-1283-1

25. Kweon CH, Kwon BJ, Lee JG, Kwon GO, Kang YB. Derivation of attenuated
porcine epidemic diarrhea virus (PEDV) as vaccine candidate. Vaccine (1999) 17(20-
21):2546-53. doi: 10.1016/S0264-410X(99)00059-6

26. Sun M, MaJ, YuZ, Pan Z, Lu C, Yao H. Identification of two mutation sites in spike
and envelope proteins mediating optimal cellular infection of porcine epidemic diarrhea
virus from different pathways. Vet Res (2017) 48(1):44. doi: 10.1186/s13567-017-0449-y

27. Tan Y, Sun L, Wang G, Shi Y, Dong W, Fu Y, et al. The trypsin-enhanced
infection of porcine epidemic diarrhea virus is determined by the S2 subunit of the
spike glycoprotein. J Virol (2021) 95(11):€02453-20. doi: 10.1128/JV1.02453-20

28. Wicht O, Li W, Willems L, Meuleman TJ, Wubbolts RW, van Kuppeveld FJ, et al.
Proteolytic activation of the porcine epidemic diarrhea coronavirus spike fusion protein
by trypsin in cell culture. J Virol (2014) 88(14):7952-61. doi: 10.1128/JV1.00297-14

29. Belouzard S, Chu VC, Whittaker GR. Activation of the SARS coronavirus spike
protein via sequential proteolytic cleavage at two distinct sites. Proc Natl Acad Sci USA
(2009) 106(14):5871-6. doi: 10.1073/pnas.0809524106

30. Millet JK, Whittaker GR. Host cell entry of middle East respiratory syndrome
coronavirus after two-step, furin-mediated activation of the spike protein. Proc Natl
Acad Sci USA (2014) 111(42):15214-9. doi: 10.1073/pnas.1407087111

31. Matsuyama S, Taguchi F. Two-step conformational changes in a coronavirus
envelope glycoprotein mediated by receptor binding and proteolysis. J Virol (2009) 83
(21):11133-41. doi: 10.1128/JV1.00959-09

32. Cheng J, Zhao Y, Hu Y, Zhao J, Xue J, Zhang G. The furin-S2' site in avian
coronavirus plays a key role in central nervous system damage progression. J Virol
(2021) 95(11):€02447-20. doi: 10.1128/JV1.02447-20

33. Li Z, Ma Z, Dong L, Yang T, Li Y, Jiao D, et al. Molecular mechanism of porcine
epidemic diarrhea virus cell tropism. mBio (2022) 13(2):¢0373921. doi: 10.1128/mbi0.03739-21

34. Li B, Liu H, He K, Guo R, Ni Y, Du L, et al. Complete genome sequence of a
recombinant porcine epidemic diarrhea virus strain from eastern china. Genome
Announc (2013) 1(2):e0010513. doi: 10.1128/genomeA.00105-13

35. DingZ, FangL, Jing H, Zeng S, Wang D, Liu L, et al. Porcine epidemic diarrhea virus
nucleocapsid protein antagonizes beta interferon production by sequestering the interaction
between IRF3 and TBKI1. ] Virol (2014) 88(16):8936-45. doi: 10.1128/JVI1.00700-14

36. Peng Q, Fang LR, Ding Z, Wang D, Peng GQ, Xiao SB. Rapid manipulation of
the porcine epidemic diarrhea virus genome by CRISPR/Cas9 technology. J Virol
Methods (2020) 276:113772. doi: 10.1016/j.jviromet.2019.113772

37. Reed LJ, Muench H. A simple method of estimating fifty percent endpoints. Am
J Hyg (1938) 27:493-7. doi: 10.1093/oxfordjournals.aje.a118408

38. Li W, Wicht O, van Kuppeveld FJ, He Q, Rottier PJ, Bosch BJ. A single point
mutation creating a furin cleavage site in the spike protein renders porcine epidemic
diarrhea coronavirus trypsin independent for cell entry and fusion. J Virol (2015) 89
(15):8077-81. doi: 10.1128/JV1.00356-15

39. Bosch BJ, van der Zee R, de Haan CA, Rottier PJ. The coronavirus spike protein
is a class I virus fusion protein: structural and functional characterization of the fusion
core complex. J Virol (2003) 77(16):8801-11. doi: 10.1128/JV1.77.16.8801-8811.2003

40. White JM, Delos SE, Brecher M, Schornberg K. Structures and mechanisms of
viral membrane fusion proteins: Multiple variations on a common theme. Crit Rev
Biochem Mol Biol (2008) 43(3):189-219. doi: 10.1080/10409230802058320

41. Belouzard S, Millet JK, Licitra BN, Whittaker GR. Mechanisms of coronavirus cell
entry mediated by the viral spike protein. Viruses (2012) 4(6):1011-33. doi: 10.3390/v4061011

42. TianY, Yang X, Li H, Ma B, Guan R, Yang J, et al. Molecular characterization of
porcine epidemic diarrhea virus associated with outbreaks in southwest China during
2014-2018. Transbound Emerg Dis (2021) 68(6):3482-97. doi: 10.1111/tbed.13953

frontiersin.org


https://doi.org/10.1016/0378-1135(92)90135-g
https://doi.org/10.1016/S0021-9975(05)80069-6
https://doi.org/10.1023/A:1011831902219
https://doi.org/10.1292/jvms1939.45.829
https://doi.org/10.1128/JVI.01919-12
https://doi.org/10.3201/eid1803.120002
https://doi.org/10.1186/1743-422X-9-195
https://doi.org/10.1007/s00705-015-2353-y
https://doi.org/10.1007/s00705-015-2522-z
https://doi.org/10.1128/genomeA.00753-14
https://doi.org/10.1128/genomeA.00634-15
https://doi.org/10.1007/s00705-016-2938-0
https://doi.org/10.1128/JCM.02820-13
https://doi.org/10.3201/eid2004.131685
https://doi.org/10.3201/eid2005.131628
https://doi.org/10.1177/1040638713501675
https://doi.org/10.1111/tbed.12269
https://doi.org/10.1128/genomeA.00535-15
https://doi.org/10.1128/genomeA.00535-15
https://doi.org/10.3201/eid2103.141165
https://doi.org/10.3201/eid2201.150544
https://doi.org/10.1016/j.micpath.2020.104553
https://doi.org/10.1128/jcm.26.11.2235-2239.1988
https://doi.org/10.1016/S0264-410X(03)00027-6
https://doi.org/10.1186/s12917-017-1283-1
https://doi.org/10.1016/S0264-410X(99)00059-6
https://doi.org/10.1186/s13567-017-0449-y
https://doi.org/10.1128/JVI.02453-20
https://doi.org/10.1128/JVI.00297-14
https://doi.org/10.1073/pnas.0809524106
https://doi.org/10.1073/pnas.1407087111
https://doi.org/10.1128/JVI.00959-09
https://doi.org/10.1128/JVI.02447-20
https://doi.org/10.1128/mbio.03739-21
https://doi.org/10.1128/genomeA.00105-13
https://doi.org/10.1128/JVI.00700-14
https://doi.org/10.1016/j.jviromet.2019.113772
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1128/JVI.00356-15
https://doi.org/10.1128/JVI.77.16.8801-8811.2003
https://doi.org/10.1080/10409230802058320
https://doi.org/10.3390/v4061011
https://doi.org/10.1111/tbed.13953
https://doi.org/10.3389/fimmu.2023.1165606
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

43. Wang PH, Li YQ, Pan YQ, Guo YY, Guo F, Shi RZ, et al. The spike glycoprotein
genes of porcine epidemic diarrhea viruses isolated in China. Vet Res (2021) 52(1):87.
doi: 10.1186/s13567-021-00954-6

44. Chang SH, Bae JL, Kang TJ, Kim J, Chung GH, Lim CW, et al. Identification of
the epitope region capable of inducing neutralizing antibodies against the porcine
epidemic diarrhea virus. Mol Cells (2002) 14(2):295-9.

45. Cruz DJ, Kim CJ, Shin HJ. Phage-displayed peptides having antigenic
similarities with porcine epidemic diarrhea virus (PEDV) neutralizing epitopes.
Virology (2006) 354(1):28-34. doi: 10.1016/j.virol.2006.04.027

46. Sun D, Feng L, Shi H, Chen J, Cui X, Chen H, et al. Identification of two novel b
cell epitopes on porcine epidemic diarrhea virus spike protein. Vet Microbiol (2008) 131
(1-2):73-81. doi: 10.1016/j.vetmic.2008.02.022

47. Cruz DJ, Kim CJ, Shin HJ. The GPRLQPY motif located at the carboxy-terminal
of the spike protein induces antibodies that neutralize porcine epidemic diarrhea virus.
Virus Res (2008) 132(1-2):192-6. doi: 10.1016/j.virusres.2007.10.015

Frontiers in Immunology

11

10.3389/fimmu.2023.1165606

48. Xiao Y, Wang X, Li Y, Li F, Zhao H, Shao Y, et al. Evaluation of the
immunogenicity in mice orally immunized with recombinant Lactobacillus casei
expressing porcine epidemic diarrhea virus S1 protein. Viruses (2022) 14(5):890. doi:
10.3390/v14050890

49. Wang J, Huang L, Mou C, Zhang E, Wang Y, Cao Y, et al. Mucosal immune
responses induced by oral administration recombinant bacillus subtilis expressing the
COE antigen of PEDV in newborn piglets. Biosci Rep (2019) 39(3):BSR20182028. doi:
10.1042/BSR20182028

50. Li Q, Peng O, Wu T, Xu Z, Huang L, Zhang Y, et al. PED subunit vaccine based
on COE domain replacement of flagellin domain D3 improved specific humoral and
mucosal immunity in mice. Vaccine (2018) 36(11):1381-8. doi: 10.1016/
j.vaccine.2018.01.086

51. Ho TT, Nguyen GT, Pham NB, Le VP, Trinh TBN, Vu TH, et al. Plant-derived
trimeric co-26k-equivalent epitope induced neutralizing antibodies against porcine
epidemic diarrhea virus. Front Immunol (2020) 11:2152. doi: 10.3389/fimmu.2020.02152

frontiersin.org


https://doi.org/10.1186/s13567-021-00954-6
https://doi.org/10.1016/j.virol.2006.04.027
https://doi.org/10.1016/j.vetmic.2008.02.022
https://doi.org/10.1016/j.virusres.2007.10.015
https://doi.org/10.3390/v14050890
https://doi.org/10.1042/BSR20182028
https://doi.org/10.1016/j.vaccine.2018.01.086
https://doi.org/10.1016/j.vaccine.2018.01.086
https://doi.org/10.3389/fimmu.2020.02152
https://doi.org/10.3389/fimmu.2023.1165606
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Construction and immunogenicity of a trypsin-independent porcine epidemic diarrhea virus variant
	1 Introduction
	2 Materials and methods
	2.1 Ethics statement
	2.2 Cells, viruses, and antibodies
	2.3 Generation of recombinant viruses
	2.4 Indirect immunofluorescence assay
	2.5 Plaque assay
	2.6 Viral multistep growth curve construction
	2.7 Neutralization test
	2.8 Immunization of piglets with inactivated recombinant PEDVs
	2.9 Statistical analysis

	3 Results
	3.1 Sites R894 and Y976 of S protein are not determinants of trypsin dependence of strain AJ1102
	3.2 Trypsin promotes the infection of trypsin-dependent strain AJ1102, but not trypsin-independent strain JS2008
	3.3 S2 (aa 894–1386) is required for the trypsin dependence of strain AJ1102
	3.4 Immunogenicity of recombinant PEDVs in piglets

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	References


