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Introduction: Porcine epidemic diarrhea virus (PEDV) causes enteric disease in
pigs of all ages. PEDV can be grouped into G1 (classical strains) and G2 (variant
strains) based on sequence differences in the spike gene. Although several
pathogenesis studies using contemporary strains of PEDV have been conducted
to date, there is limited information on the pathogenesis of historical PEDV strains
in contemporary pigs. This study aimed to investigate the clinical disease course
of 10 days-old pigs infected with a classical European Gla PEDV strain from the
1980s which was last passaged in pigs in 1994.

Methods: Sequencing results confirmed that the virus inoculum was a PEDV
strain closely related to the prototype CV777 strain. The PEDV stock was serially
passaged three times in Vero cells, and the P3 infectious virus stock was used to
inoculate the pigs. A total of 40 pigs were inoculated using the oral route.

Results: Pigs showed no enteric disease signs, and PEDV shedding was not
detected for 44 days post-inoculation (dpi). At necropsy at 3 (5 pigs) or 7 dpi (5
pigs), no lesions were observed in intestinal sections, which were negative for
PEDV antigen by immunohistochemistry. In addition, no IgG or IgA PEDV-specific
antibodies in serum or fecal samples for 35 dpi further indicates a lack of infection.
Titration of the leftover thawed and refrozen PEDV virus stock inoculum showed
that the virus stock retained its infectivity in Vero cell culture and the porcine
small intestine enterocytes cell line IPEC-J2.

Discussion: The reasons for the loss of infectivity in pigs are unknown. In
conclusion, we showed that a classical Gla PEDV strain successfully propagated
in cell cultures could not orally infect 40 piglets.
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1 Introduction

Porcine epidemic diarrhea virus (PEDV), a member of the genus
Alphacoronavirus in the family Coronaviridae, is highly contagious
and causes an enteric disease characterized by an acute onset of
vomiting and diarrhea in pigs of all ages (1). Coronaviruses consist of
a large (~30kb) positive sense single-strand RNA, with the first
two-thirds of the genome encoding for nonstructural proteins
involved in virus replication and host interactions (e.g., immune
evasion), while the remaining third encodes for four major structural
proteins: spike (S), envelope (E), membrane (M), and nucleocapsid
(N) (2). Based on amino acid differences in the N-terminal domain of
the S protein, PEDV is divided into two genogroups, G1 and G2, that
can be further divided into Gla (CV777 and other classical strains),
Glb (cell-culture adapted and other recombinant strains), G2a
(US-like pandemic PEDV strains), G2b (Asian strains) and G2c¢
[S-INDEL (variant S protein containing insertions and deletions)
strains from the US, Europe, and China] (3, 4).

In the late 1970s, a diarrheic syndrome characterized by acute
watery diarrhea in pigs of all ages, porcine epidemic diarrhea (PED),
was described in Europe, causing outbreaks with mortality rates in
suckling piglets ranging from 0%-100% (average 50%) with the
severity of disease depending upon litter and farm (5). One of the
1970s PEDV isolates, CV777, became the PEDV prototype strain and
was used for pathogenesis studies in colostrum-deprived pigs (6).
PEDV spread to Asia in the 1980s, and since 2010 it has caused severe
epidemics in many Asian countries, mainly associated with PEDV G2
strains (3, 4, 7).

The G1b was first reported in China in 2011, spread through Asia,
and was attributed to 2015-2016 outbreaks in grow-finish farms in
Europe (3). PEDV G2b and G1b isolates similar to PEDV strains
circulating in China in 2012 were introduced to the Americas, the
Caribbean, and Ukraine in 2013 and 2014 (3, 8). Several pathogenesis
studies have been performed using G1b and G2b strains (9-14),
indicating that G1b strains are less pathogenic than G2b strains,
although clinical signs vary considerably. However, there is limited
information on the pathogenesis of classical PEDV strains in
contemporary pigs (15). This study aimed to investigate the clinical
disease course in 10 days-old pigs experimentally inoculated with a
classical CV777-like Gla PEDV strain.

2 Methods
2.1 Virus origin

A Gla PEDV strain designated as CV777 was originally isolated
in Belgium in the 1980s and was obtained for this study from the
University of Utrecht, the Netherlands (16). In 1994, this isolate was
propagated for the last time in cesarean-derived, colostrum-deprived
piglets, the pigs showed diarrhea following infection and intestinal
perfusate was collected and stored at —80°C.

2.2 In vitro virus propagation and titration

All laboratory work was approved by the Iowa State University
Biosafety Committee (Approval number: 14-1-0018-A). The PEDV
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viral stock was passaged three times (CV777 P3) in Vero cells as
described previously (17), and a total volume of 0.6 L of infectious
virus inoculum stock was produced. Minimum essential medium
(MEM) supplemented with 10% fetal bovine serum, 2mM
L-glutamine, 0.05 mg/mL gentamicin, 10 unit/mL penicillin, 10 pug/mL
streptomycin, and 0.25 pg/mL amphotericin, tryptose phosphate broth
(0.3%), yeast extract (0.02%), and trypsin 250 (5 ug/mL) was used for
virus propagation (17). The infectious virus stock was titrated by both
the plaque-forming unit (PFU) method as having an infectious titer
of 5x10* PFU/mL and by a fluorescence forming unit (FFU) method
as having an infectious titer of 3.4x 10* FFU/mL (17).

2.3 Sequencing and genomic analysis

To amplify the genomic sequence of the CV777 P3 virus
stock of PEDV,
(Supplementary Tables S1, 52) and synthesized based on the conserved

oligonucleotide ~primers were designed
regions among the sequences of prototype CV777 (AF353511) and
recent US PEDV isolates. Fragments covering most of PEDV genome
for the CV777 P3 stock were amplified by RT-PCR using these primers
with PfuUltra I high-fidelity DNA polymerase (Agilent, Santa Clara,
CA). The RT-PCR products were purified from the agarose gel with
Zymoclean™ Gel DNA Recovery Kit (Zymo Research Corp, CA) and
sequenced directly by the Sanger method. Sequence contigs were
assembled and analyzed using the Lasergene package (DNAStar, Inc.,
Madison, WI). The phylogenetic tree for the S protein was constructed
by using the maximum-likelihood method with bootstrap tests of

1,000 replicates using DNAStar.

2.4 In vitro infection of swine small
intestinal cells

An immortalized swine jejunum epithelial cell line IPEC-J2
(ACC 701, DSMZ, Braunschweig, Germany) was used as in vitro
infection model. Fifty percent coverage of IPEC-]2 (cell passage 33)
cell monolayer on the bottom wall of 24-well plates (Corning,
Corning, New York, United States) was inoculated with 1 x 10* FFU
of PEDV CV777 P3 diluted in 1 mL PEDV propagation media as
previously described (17), and section 2.2. After 48 h incubation,
the appearance of cytopathic effect (CPE) was examined, and the
cells were subsequently fixed with 80% acetone and stained with
PEDV-specific monoclonal antibody SD6-29 conjugated to FITC
(Medgene, Brookings, South Dakota) in an immunofluorescent
assay (IFA) (18).

2.5 In vivo infection in 10 days-old pigs

The experimental protocol was approved by the Iowa State
University Institutional Animal Care and Use Committee (Approval
number 2-14-7804-S) and by the National Animal Disease Center,
USDA-ARS Institutional Animal Care and Use Committee. Forty
10days-old crossbred piglets negative for PEDV by ELISA (anti-
PEDV IgA and IgG) and PCR bred at the National Animal Disease
Center, USDA-ARS in Ames, lowa were inoculated with the PEDV
CV777 P3 infectious virus stock as part of another study (19). Each
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pig received 10 mL of the inoculum stock at PFU dose of 5x 10* per
ml via the oral route by slowly dripping the inoculum into the oral
cavity of the pig. After inoculation, approximately 10mL of the
remaining virus inoculum was frozen and stored at —80°C. The
non-infected group (n=40, no PEDV exposure) and the group
infected with PEDV G2b strain US/Colorado/2013 at 10 days of age
group (n=43) described in the original study (19) served as negative
and positive controls, respectively, to the current study.

2.6 Sample collection and storage

Blood samples were collected in serum separator tubes (Fisher
Scientific, Pittsburgh, Pennsylvania, United States) at day post-PEDV
inoculation (dpi) 0, 7, 14, 24, and 35 centrifuged at 3000 x g for 10 min
at 4°C. Fecal samples were collected at dpi 35 and tested for anti-
PEDV IgA antibodies. Fecal swabs were collected using polyester
swabs daily from dpi 0 through 33 and dpi 44 and stored in 5mL
plastic tubes containing 1 mL of sterile saline solution. All samples
were stored at —80°C until further testing.

2.7 Enzyme-linked immunosorbent assay

Serum samples tested for anti-PEDV IgA and IgG antibodies by
an in-house S1-based indirect enzyme-linked immunosorbent assay
(ELISA) (20, 21) and by an in-house G2b whole cell-based ELISA
offered at Iowa State University Veterinary Diagnostic Laboratory
(ISU-VDL) (18). Fecal samples were tested for anti-PEDV IgA
antibodies by an in-house S1-based indirect ELISA (21).

2.8 RNA extraction and PCR assays

RNA was extracted from fecal swab suspensions using the
MagMax Pathogen RNA/DNA Kit (Applied Biosystems, Life
Technologies, Carlsbad, California, United States) and an automated
DNA/RNA extraction system (Thermo Scientific Kingfisher Flex,
Thermo Fisher Scientific, Pittsburgh, Pennsylvania, United States)
according to the instructions of the manufacturer. Extracts were tested
for PEDV RNA by an N gene-based quantitative reverse transcriptase
(RT)-PCR offered at ISU-VDL and by an N-gene PEDV G1 and G2
differential real-time RT-PCR using the following pair of detection
primers (PED-NDF: 5-CGATGATCTGGTGGCTGCTGT-3" and
PED-NDR: 5'-GGGATGTCTTTGAGGTCACGTTC-3") and TagMan
probes  (PEDV-Glprob(CV777) CAL  Fluor  Orange
560-5-TAAGCAGGAAAAGTCTGACAACAGCGGC-3"-BHQ and
PEDV-G2prob FAM-5-CAAACAGGAAAGGTCTGACAGCAGCG
G-3'-BHQ).

2.9 Clinical signs

A daily diarrhea score on each pig was obtained by observing
the pigs once every morning from dpi 0 to 8 and on dpi 10, 12, 14,
17, 18, 21, 24, and 35. Fecal composition was scored ranging
from 0 to 3 (0=normal feces, 1=moist feces, 2=pasty feces,
3 =watery feces).
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2.10 Necropsy and sample collection

Five pigs were euthanized at dpi 3, 7 and 14 and the remaining pigs
were euthanized at dpi 35 by sodium pentobarbital overdose (100 mg/
kg of Fatal-plus, Vortech Pharmaceuticals, LTD, Dearborn, Michigan,
United States). Death was confirmed by assuring cessation of respiratory
and cardiovascular movements by observation before the pigs were
necropsied. Eight sections of small intestines and three sections of large
intestines were collected at necropsy and fixed in 10% neutral-buffered
formalin and routinely processed for histological examination.

2.11 Microscopic lesions and
immunohistochemistry

Microscopic lesions were evaluated by a veterinary pathologist
blinded to treatment status (PGH) and evaluated for the presence of
inflammation, villus atrophy, and necrosis. PEDV-specific antigen was
detected by an IHC on selected formalin-fixed and paraffin-embedded
sections of intestinal sections using monoclonal antibody specific for
PEDV (BioNote, Hwaseong-si, Gyeonggi-do, Republic of Korea) as
described (22, 23).

3 Results

3.1 The Gla PEDV virus inoculum used in
this study is a classical strain related to
CvVv777

The sequence obtained for the near full-length genome of PEDV
(GenBank No. OR348434) indicates that the Gla PEDV passage 3 virus
is closely related to the prototype CV777 [GenBank No. AF353511,
99.9% nucleotide (nt) identity], and to a lesser extent to Asian Gla
PEDV isolates such as CHM2013 (KM887144.1, China, 2013, 99.4% nt
identity) and AVCT12 (LC053455.1, Thailand, 2015, 99.3% nt identity).
When using the classical CV777 strain sequence as the reference,
deletions in the 5" noncoding region of the genome were identified,
including a deletion at nt position 72 and a TCCT deletion at nt position
82-85, which is similar to Gla strain CHM2013 and strain AVCT12.
There were two viral populations at the 9890nt of the ORFla in the
CV777 P3 stock. The majority of the sequence population hada G to C
mutation, which results in Glu (E) to Asp (D) amino acid mutation in
the 3C-like protease. A GenBank BLAST search of CV777 P3 3C-like
protease amino acid showed that the E/D mutation in the CV777 P3
virus is unique among known PEDV genomes. It is located within a
helical chain rather than at the catalytic site. Figure | shows its position
on the 3D structure of PEDV 3C-like protease, as well as an alignment
of cDNA snippets from relevant viruses adapted from previous studies
(24, 25). In addition, the ORF1b also had a deletion at 13077-13078.

A total of four mutations were found in the S gene: 20887 G/A,
21525 C/T, 22145 C/T, and 23141 A/G and all mutations resulted in
amino acid changes except for the mutation at nt position 21,525
(Figure 2).

Similar to the CHM2013 and AVCT12 strains, there was a 52nt
deletion between nt positions 24766 and 24817, which resulted in the
truncation of the S protein by 7 amino acids and the deletion of the
start codon of ORF3. According to the sequence, the deletion causes
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FIGURE 1

(A) The X-ray crystal structure of PEDV-3C-like protease structure (PDB entry 5SHYO). A yellow border line indicates the location of E/D mutation.
(B) Alignment of E/D mutation adjacent region of Coronaviruses 3C-like protease.
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FIGURE 2

Schematic diagram of mutations identified in the PEDV CV777 P3 genome.
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OREF3 to be truncated by 70 amino acids, leading to the production of
peptides consisting of 154 amino acids. A C/T mutation was also
found at nt position 25523. A phylogenetic tree based on the S protein
amino acid sequences is shown in

3.2 Gla PEDV strain infected swine small
intestinal epithelial cells in vitro

The PEDV CV777 P3 was infectious in Vero cells and the swine
small intestinal epithelial cells IPEC-J2. After 48h of inoculation,
typical PEDV-induced CPE, multifocal cell syncytia presented as
coalescing multinucleated cells with enlarged cytoplasm, were
observed in PEDV CV777-inoculated IPEC-J2 cell monolayer
( ). Additionally, PEDV viral proteins located in cytoplasm of
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infected IPEC-]2 cell were labeled and visualized with PEDV specific
monoclonal antibodies conjugated to FITC ( ).

3.3 Failure to experimentally infect pigs
with the Gla PEDV strain

After inoculation, pigs were monitored daily for clinical signs and
no diarrhea or other sign of PEDV infection was present in the
inoculated piglets in accordance with the absence of PEDV RNA
detection in fecal swabs for 35days after inoculation. No lesions
compatible with enteric disease were observed at necropsy or by
microscopic examination on dpi 3 or 7. In addition, PEDV-specific
antigen was not detected in the intestinal sections. No IgG or IgA
PEDV specific antibodies were detected by dpi 35 in serum samples
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Phylogenetic tree based on the spike gene (S) translated amino acid sequences of porcine epidemic diarrhea virus strains from genogroups 1a, 1b, 2a

Negative control CVv777

FIGURE 4
Cytopathic effect (CPE) and immunofluorescence staining (IFA)
staining in IPEC-J2 cells at 48 h post inoculation. Mock-inoculated
IPEC-J2 cells had no CPE (A) or IFA staining (C) observed. PEDV
CV777 infected IPEC-J2 cell presented CPE (B, blue arrows: syncytial
bodies) and IFA staining (D) (x40 magnification).

and no IgA PEDV specific antibodies were detected by dpi 35 in feces.
Together, these results indicate that the piglets were not infected with
the PEDV CV777 P3 related strain.

To rule out the possibility of a potential loss of infectivity of the
viral stock during storage, thawing and handling, we tested and
re-titrated the leftover thawed and refrozen virus stock inoculum in
Vero cells in parallel to the frozen virus inoculum stock. The thawed
leftover inoculum still retained its infectivity in Vero cells at similar
infectious titers compared to the unfrozen viral stock (Figure 5).

4 Discussion

In this study conducted in 2014, we found that a European
PEDV isolate initially isolated from Belgium pigs in the 1970s
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(16), subsequently supplied to research laboratories for in vitro
work failed to infect any of 40 10 days-old piglets experimentally-
inoculated with a newly-prepared infectious stock of the virus.
Titration of the PEDV virus stock that was used to inoculate the
piglets and had been frozen back demonstrated that the virus
stock retained its in vitro infectivity when titrated in Vero cells.
Age-resistance to disease induced by PEDV infection has been
reported and neonatal (1-9 days old) piglets often display more
severe clinical signs than weaned (3-4 weeks old) pigs (10, 18).
The piglets (10 days-old crossbred pigs) used herein should
be highly susceptible to PEDV infection. In addition,
contemporary piglets from the same source and housed in the
same facilities were successfully infected with the G2b Colorado
PEDV strain when a similar dose and infectious route were used
in a previous study (19). The reason for the lack of the CV777-
related PEDV infectivity to pigs is unknown, and unexpected.
The Gla strain Br1/87 isolated in 1987 in Great Britain, closely
related to the prototype CV777 (26), was successfully used to
orally infect five 5 weeks-old conventional pigs in 2014 (15). Pigs
experimentally infected with the Br1/87 strain had mild to
moderate diarrhea and low levels of intermittent viral shedding
in fecal swabs for 1-3weeks (15). In addition, cell culture-
attenuated as well as wild-type CV777 strain at a similar dose
(2.55 x 10° FFU/pig) used herein have been used successfully to
infect conventional 11 days-old piglets in early 2000s (27).
Studies
(CDCD) or conventional piglets, performed in the late 1970s and

using cesarean-delivered colostrum-deprived
early 1980s using classical Gla strains (6, 28) and a study using a
1990s Asian PEDV strain KPEDV-9 (29) reported similar clinical
results to what has been reported in recent years for contemporary
PEDV G1b and G2 strains (9, 10). In 2-3 days old CDCD piglets
experimentally infected with PEDV strain CV777 in 1980s, viral
particles were seen in the jejunum starting 18 h post infection
(hpi) and clinical signs characterized by profuse watery diarrhea
started 24-36 hpi (6, 28). Two hours after onset of clinical signs

(approximately 24 hpi), exfoliation of enterocytes could be seen
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FIGURE 5
Cytopathic effects of the PEDV CV777 P3 used in this study in Vero cells at days post inoculation (dpi) 2 and 3. (A) Original viral stock. (B) Leftover
inoculum previously used for inoculating 40 10 days-old pigs. (C) Mock infected cells.

leading to severe villous atrophy while crypt epithelium was not
affected (28). Pigs that did not die from dehydration 2-4 days
after onset of diarrhea recovered after a week (6).

Although the CV777 P3 virus is closely related to the Gla
PEDV prototype stain CV777, the mutations observed in the spike
gene and 5" noncoding region are similar to those observed in
contemporary Asian strains CHM2013 and AVCT12, which is not
surprising as modified live-attenuated vaccines similar to CV777
and Br1/87 have been used in Asia since the 1990s and these
strains are still circulating in that region (3). It is possible that
mutations have been acquired during the sequential in vivo
passages that the original CV777 strain was subjected to
throughout the years. However, it remains unknown why
10 days-old piglets were resistant to the CV777-like strain after
being passaged only for three passages in vitro, especially since the
CV777 P3 virus that was used in the pig study is fully infectious
in Vero cells and in IPEC-J2 small intestinal epithelial cells. A
genetically engineered PEDV with a deleted ORF3, similar to the
deleted ORF3 pattern found in the present study, has been shown
to successfully infect gnotobiotic piglets producing lethal disease
outcomes and to infect Vero cells (30), indicating that the ORF3
is not essential for in vivo or in vitro replication. In addition, it has
been shown that the loss of the N-domain portion of the S protein
correlates with a loss of enteric tropism for some coronaviruses
(31). For example, a naturally occurring variant of the
transmissible gastroenteritis virus (TGEV), the porcine respiratory
coronavirus (PRCV) lost its enteric tropism and mainly replicates
in the respiratory tract after the loss of the N-domain portion of
the S protein (32). The loss of enteric tropism for TGEV was
specifically associated with the loss of the sialic binding activity
that resides in this domain (31).

Interestingly, two populations of viruses could be found in the
CV777 P3 virus stock, and the majority presented a G to C
mutation at position 9890, which resulted in a mutation in the
3C-like proteinase gene leading to a truncated protein. This
mutation is similar to the mutation described in the feline
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infectious peritonitis virus (FIPV), that replicates systemically in
cats and has evolved as a deletion of the S-protein N-domain
portion of the feline enteric coronavirus (FECV) which replicates
in enterocytes (33). It has been shown that a complete 3C-like
proteinase is required for the replication of FECV in the intestinal
epithelium. Although the effect of this mutation on the infectivity
of PEDV in pigs is unknown, it may have affected the tropism of
the virus and contributed to the failure of oral infection in pigs.
Therefore, it would be interesting to further determine the
function of E/D mutation in the 3C-like proteinase of the CV777
P3 virus stock and if it affects virus infection in pigs.

5 Conclusion

We demonstrated that a classical Gla PEDV strain, although
infectious in Vero and IPEC-]2 cells in vitro, was unable to infect
40 piglets by oral route of inoculation. The mechanism for the loss
of infectivity in its natural host remains unknown.
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