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Abstract: Porcine epidemic diarrhea virus (PEDV), belonging to the genus Alphacoronavirus, can cause
serious disease in pigs of all ages, especially in suckling pigs. Differences in virulence have been
observed between various strains of this virus. In this study, four pigs were inoculated with PEDV
from Germany (intestine/intestinal content collected from pigs in 2016) and four pigs with PEDV
from Italy (intestine/intestinal material collected from pigs in 2016). The pigs were re-inoculated
with the same virus on multiple occasions to create a more robust infection and enhance the antibody
responses. The clinical signs and pathological changes observed were generally mild. Two distinct
peaks of virus excretion were seen in the group of pigs inoculated with the PEDV from Germany, while
only one strong peak was seen for the group of pigs that received the virus from Italy. Seroconversion
was seen by days 18 and 10 post-inoculation with PEDV in all surviving pigs from the groups that
received the inoculums from Germany and Italy, respectively. Attempts to infect pigs with a swine
enteric coronavirus (SeCoV) from Slovakia were unsuccessful, and no signs of infection were observed

in the inoculated animals.

Keywords: coronavirus; experimental infection; swine enteric coronavirus (SeCoV); porcine epidemic
diarrhea virus (PEDV)

1. Introduction

Porcine epidemic diarrhea (PED) is a disease caused by a porcine coronavirus (termed
PEDV) classified within the Alphacoronavirus genus [1]. Other porcine alphacoronaviruses
include transmissible gastroenteritis virus (TGEV) and its deletion variant, porcine respi-
ratory coronavirus (PRCV) [2]. Fecal-oral, fecal-nasal, or indirect transmission of PEDV
between pigs of all ages results in acute enteritis, exfoliation, malabsorptive and maldiges-
tive diarrhea, as well as vomiting and decreased appetite [3].

PEDV was first observed in Europe in the 1970s, but its occurrence gradually declined
in the 1980s. However, a few disease outbreaks were seen sporadically, e.g., in Belgium
in 1992, in England in 1998, and in Italy from 2005 to 2006 [4]. During this period, PEDV
spread to Thailand, Korea, and China; the virus became endemic in many regions of Asia,
significantly impacting the pig industry [5]. In 2013, the USA, which had previously been
free from the disease, experienced outbreaks of PED, resulting in up to 95% mortality in
suckling pigs [6]. About 7 million piglets died there within a year due to this disease [7]. The
epidemic of PED that swept across the Americas in this period included two different PEDV
variants, described as non-INDEL and INDEL strains, sometimes together with a newly
discovered porcine deltacoronavirus [8]. The presence of certain insertions characterized
the PEDV INDEL variants and deletions in the spike (S) protein gene, compared to the
non-INDEL strain [9,10]; the S protein is required for the interaction of the virus with the
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cellular receptor and for inducing neutralizing antibodies [11]. The identity of the cellular
receptor for PEDV is not yet established, but it was recently suggested to be pDC-SIGN
(porcine dendritic cell-specific intercellular adhesion molecular-3 capture non-integrin) [12].
In 2014, PEDV strains closely related to the INDEL strains in the USA spread to Europe.
These resulted in outbreaks in several countries, but not in the same epidemic fashion as
in the USA. However, most of the pig population in Europe had a similar naive immune
status [4,13].

Following the introduction of the INDEL variant into Europe, the number of samples
submitted for diagnostic testing initially rose but has now dropped again. However, the
presence of PEDV still causes clinical disease on farms, and the strains continue to evolve.
Most changes have been detected in the coding sequence for the S1 (N-terminal) region of
the S protein [14]. In some European countries, a few outbreaks of viral diarrhea initially
attributed to PEDV have now been shown to have been caused by the recombinant swine
enteric coronavirus (SeCoV) with a genetic backbone of TGEV /PRCV but including the S
protein gene from PEDV [15-18]. Although the S gene in SeCoV resembles that of PEDV, the
precise origins of these recombinant viruses have not yet been identified, as phylogenetic
analysis of the S gene sequence separates SeCoV from known PEDVs [18].

Previously, we have described experimental infections of pigs with a non-INDEL PEDV
from the USA and with an older European cell-culture-adapted strain (Br1/87) [19]. In those
previous studies, we obtained an isolate of the US strain in cell culture from the intestinal
contents of the inoculated pigs. This new study aimed to characterize the properties of
porcine coronaviruses recently circulating in member states of the European Union under
defined experimental conditions and to observe clinical signs, describe pathological lesions,
and follow the immune response. In addition, we aimed to generate infectious organ
material for virus isolation and produce antisera in the infected pigs.

2. Materials and Methods

All experimental procedures, animal care, and maintenance were conducted in accor-
dance with Danish and EU legislation (Consolidation Act 474 15/05/2014 and EU Directive
2010/63/EU). Water was provided ad libitum, and the pigs were fed a commercial diet for
weaned pigs once a day. Straw was used for bedding.

2.1. Animals and Housing

In total, eight pigs, 28 days old, were transferred to the high containment facility at
the National Veterinary Institute, Lindholm. Two individual isolation units were used to
house the two groups of animals, with four pigs in each (pigs 1-4 in group 1 and 5-8 in
group 2). The pigs were obtained from a commercial farrow-to-finish farm with specific
pathogen-free (SPF) status, including freedom from the pathogens: porcine reproductive
and respiratory syndrome virus (PRRSV), Mycoplasma hyopneumonia, Actinobacillus pleurop-
neumonia, Brachyspira hyodysenteria, Pasteurella multocida, scabies, and lice. All pigs were
found to be healthy by veterinary inspection upon arrival, four days before the start of the
experiment, which was designated as post-infection day 0 (PID 0).

2.2. Virus Inoculation

Inoculation was performed orally using a syringe with 2—4 mL of virus suspension,
i.e., 10% fecal suspension and/or intestinal homogenate in Eagle’s minimal essential
medium (EMEM). Briefly, group 1 was inoculated with PEDV containing fecal material
from Germany (kindly provided by S. Blome, FLI) from an experimental study as described
previously [20], and group 2 with SeCoV in samples from Slovakia [16,21] (see Table 1).
Additional inoculations with different virus preparations were performed on PID 11, 24,
and 39. For group 1, the inoculum again contained the PED virus of German origin through
the use of material from pig 1. In contrast, group 2 was inoculated with PEDV material
originating from diarrheic piglets in Northern Italy in May 2016 [22]. All inoculation
materials are described in more detail in Table 1.
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Table 1. Overview of inoculation materials used in the infection study.

Inoculation Group 1 (Pigs 1-4) Group 2 (Pigs 5-8)
) SeCoV (Slovakia):
1st on PID 0 Psz\llo(fcr?z:;riz). feces/intestinal homogenate.
(4 pigs per group) 6150-D15 and -D16 * (Ct = 20.3) For pigs 5 and 6 (Ct = 25) and for linebreak pigs 7 and 8
(Ct=30-35)
2nd on PID 11 PEDV (Germany): PEDV (Italy):

(3 pigs in group 1,

material from pig 1 pool of material (Ct = 13-17)

4 pigs in group 2) (Ileum and intestinal contents, Ct = 20.9)
3rd on PID 24 PEDV (Germany): PEDV (ltaly):
(2 pigs per group) material from pig 1 material from pig 5
pigs per group (Ileum and intestinal contents) (small intestine and intestinal contents, Ct = 14.4)
PEDV (Germany): PEDV (ltaly):
@ 4tih sonel;IDrc?z ) material from pig 1 material from pig 5
pigs per group (Ileum and intestinal contents) (small intestine and intestinal contents)

*: as described previously [20].

2.3. Sampling, Sample Analysis, and Scoring of Pigs

The pigs were clinically assessed daily; seven parameters reflecting the overall con-
dition and gastrointestinal status of each pig were scored from 0 (normal) to 1, 2, or
3 (most severe), totaling a maximum score of 12 per pig per day as previously described [19].
Rectal temperatures were measured daily until PID 25, and fecal swabs, or fecal samples,
were collected daily in the first week and with decreasing frequency from the second week.
Nucleic acids were extracted from the fecal swabs or 10% suspensions of fecal samples in
EMEM using the MagNaPure 96 robot with the DNA and Viral NA Small Volume kit (Roche
Diagnostics) and eluted in nuclease-free water (50 uL). For detection of PEDV, real-time
RT-qPCRs, with 40 cycles, were performed on the Stratagene Mx3005P (Agilent Technolo-
gies, Glostrup, Denmark) using the One-Step real-time RT-PCR kit (Qiagen) with probe
and primers targeting the PEDV nucleocapsid (N) gene [23,24] as described previously [19].
One reverse primer and two forward primers and probes (with the same fluorophore)
matching either the early EU strains or the newer US strains were used simultaneously.
Primers targeting the TGEV/PRCV N gene and a slightly modified probe containing the
sequence 5-TGGCACTGCTCCCATTGGCAACGA-3' [24] were mixed with the Applied
Biosystems™ RNA UltraSense™ One-Step Quantitative RT-PCR System (Thermo Fisher
Scientific, Waltham, MA, USA) kit and used similarly for monitoring the presence of viral
RNA from SeCoV. Blood samples (5 mL) for serological analysis were collected on PID 0, 4,
7,10,15, 18, 21, 24, 32, 39, 49, and 52. The sera were analyzed for the presence of anti-PEDV
antibodies using an “in-house” PEDV blocking ELISA and with an immunoperoxidase
monolayer assay (IPMA) for serum titration, performed as previously described [19,25].
Essentially, in the blocking ELISA, whole virus particles of PEDV strain Br1/87 were used
to coat ELISA plates overnight at 4 °C. Test sera (1:10 and, if necessary, a 4-fold dilution)
were added to the plates and incubated overnight at 4 °C. The presence of antibodies to
PEDV block, or partially block, epitopes recognized by an added biotinylated anti-PEDV
polyclonal antibody (1:100 dilution, in-house production) that was added for 1 h and incu-
bated at room temperature. The bound biotinylated anti-PEDV antibodies were detected
using eBioscience™ peroxidase-labeled avidin (1:15,000, Thermo Fisher Scientific) plus
substrate (3,3',5,5'-tetramethylbenzidine (TMB-One), Thermo Fisher Scientific). Incubation
was for 15 min at room temperature prior to the addition of a stop solution (0.5 M sulfu-
ric acid). Additionally, a commercial blocking ELISA (Svanovir TGEV /PRCV-Ab assay,
Svanova) was used to detect antibodies against TGEV /PRCV in serum samples from group
2 pigs. The absorbance of the ELISA wells was measured at wavelengths of 450/620 nm
using the ELx808™ ELISA plate reader (Agilent Technologies). The readings were used to
calculate the absorbance percentage (ODp) values using the formula: ODp = (sample OD
x 100/ (mean OD NIR) where NIR = non-inhibited reference serum (4 wells were used per
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plate to determine a mean value for this). In the IPMA, PEDV-infected Vero cells (using
100 TCIDsg per well) were fixed and permeabilized with ice-cold ethanol (99.9%). The intra-
cellular PEDV proteins were visualized by incubation with (in turn): anti-PEDV polyclonal
antibody (using test sera or a known positive control (in-house production), using 1:10 and
4-fold dilutions, and incubation for 1 h at 37 °C), a rabbit anti-swine antibody conjugated
with horseradish peroxidase (1:200 dilution, Dako, Agilent Technologies, incubation for
30 min at 37 °C) and the substrate 3-amino-9-ethyl carbazol (Sigma-Aldrich, St. Louis, MO,
USA) (0.04% in ethanol (10%)) with hydrogen peroxide (2.5 pL of 30% solution added per
5 mL of the substrate); incubation was for 20 min at room temperature. Red-stained cells
were scored using a microscope. Antibody titers were calculated as the reciprocal of the
highest dilution of the test serum that gave a positive result in the IPMA.

2.4. Euthanasia and Necropsies

The pigs were euthanized for necropsy at different time points post-infection according
to when pathological lesions were expected during peaks of virus excretion (at PID 4 and
PID 15). The surviving pigs were kept until after seroconversion (PID 52). The animals were
sedated with Zoletil® (Virbac), and a maximum of 140 mL of blood was collected. They
were then euthanized using intravenous injection of sodium pentobarbital (SCANVET) and
exsanguinated. The four pigs euthanized on PID 4 and PID 15 were subjected to necropsy,
and selected organs were sampled.

2.5. Virus Isolation

Following the necropsies, attempts were made to isolate the virus from the intestinal
material of the four pigs euthanized on PID 4 and PID 15. Intestinal contents and jejunum
and ileum intestinal linings were harvested by scraping and suspended (1:10 by volume) in
EMEM with antibiotics (mix of streptocillin, neomycin, amphotericin, and benzylpenicillin).
The suspensions were centrifuged for 10 min at 3000 rpm, and the supernatants passed
through 0.45 um filters. Cells used for inoculation were seeded in 6-well culture plates or
10 mL flasks. The preferred cell line for the virus isolation attempts was Vero cells (ATCC,
CCL-81), but also MARC-145 cells (kindly provided by Dr. Ferrari, IZSLER, Brescia, Italy),
IB-RS-2 D10 cells (ATCC, CRL-1835) and ST cells (ATCC, CRL-1746) were used. The Vero
cells were grown in EMEM supplemented with 0.3% tryptose broth and 5% fetal calf serum
(FCS). About one hour before inoculation, the cell monolayer was rinsed and supplied with
fresh virus growth medium, which contained EMEM (without FCS) with tryptose (0.3%)
plus further added yeast extract (0.02%) and trypsin (10 pg/mL) for virus inoculation
and growth. Virus isolation procedures, with variable setups, were performed, including
sample dilution in virus growth medium (1:5, 1:10, 1:20, 1:50), CO,-enriched environment
(5%), gentle rocking or fixed position for incubation, the addition of 5% FCS in the virus
growth medium from two hours post inoculation and also the absence of trypsin prior
to inoculation. The cells were microscopically assessed for cytopathic effect (CPE) on a
daily basis and compared to control cells. When CPE was observed, or after a maximum of
three days of incubation, the cells were frozen at —80 °C. New virus passages were made
by inoculating fresh cells with supernatants from thawed and centrifuged cell harvests.
Assessment of virus growth in individual cell harvests was performed by RT-qPCR analysis
of nucleic acids extracted from undiluted cell supernatant or by fixation and staining of
inoculated cells using the IPMA, as above.

3. Results
3.1. Inoculation of Pigs and Analysis of Infection

Pigs in group 1 were initially inoculated orally with a suspension of fecal material
containing PEDV from Germany. During the following days, the pigs showed only mild
clinical signs and virus excretion (as measured by RT-qPCR) that subsided after a few days
(Figure 1a). Pig 1 was euthanized at PID 5 and necropsied. The surviving three pigs in
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group 1 were re-inoculated with PEDV on PID 11, this time using material collected from
the euthanized pig 1, resulting in a more robust infection (see Figure 1a).

a
ct 1%tinoc. 2 inoc. 3inoc. 4™ inoc.
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15 1 | ! i !
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25+ | | ; i Pig 3
1 E ! ! —Pig 4
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Figure 1. Excretion of PEDV in fecal samples as determined by detecting PEDV RNA using RT-qPCR.
Tested samples were given the value of 40 if the cycle threshold (Ct) was not reached after 40 cycles.
Panel (a) shows the results from pigs in group 1 inoculated with PEDV material from Germany with
the 1st—4th inoculations (inoc.) on PID 0, 11, 24, and 39. Pig 1 was euthanized on PID 4, and pig 2 on
PID 15. Panel (b) shows the results from pigs in group 2 initially inoculated with SeCoV on PID 0 and
subsequently with PEDV from Italy on PID 11, 24, and 39. Pigs 5 and 6 were euthanized on PID 15.

Pigs in group 2 were initially inoculated with fecal/intestinal homogenate containing
SeCoV obtained from Slovakia. There was no detectable virus excretion in any of the
four pigs in the days following this inoculation (Figure 1b), and no signs of disease were
apparent. Therefore, it was decided to inoculate all of the pigs for a second time on PID 11.
However, on this occasion, the pigs were inoculated with fecal material containing PEDV
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obtained from Italy, as described by Boniotti et al. [22]. This resulted in high levels of PEDV
excretion (Figure 1b).

In order to obtain robust antibody responses in the pigs, two further inoculations were
performed on PID 24 and 39 using the same material as used on PID 11 for both groups.
The serum from all the pigs was harvested at the end of the experiment on PID 52 for
scientific and diagnostic purposes.

3.2. Presence of Viral RNA Measured by RT-qPCR

Primary inoculation materials and fecal swabs from all eight pigs were tested prior
to the first inoculation for the presence of PEDV and TGEV /PRCV using RT-qPCR. The
presence of PEDV RNA observed by testing daily fecal swabs and fecal samples are shown
in Figure 1. In group 1, in the pigs inoculated with the PEDV from Germany (Figure 1a),
virus excretion started on PID 2 (pig 1) or PID 3 (pigs 2—4), and viral RNA levels peaked on
PID 4. Still, only rather low levels of virus excretion were detected (the highest excretion
was seen in pig 1, Ct value of ca. 21). After the second inoculation on PID 11 with material
harvested from pig 1, another, much higher peak of viral RNA excretion was seen, the
Ct values became as low as 13.5 for pig 4 on PID 17, indicating that the virus excretion
increased >100-fold from the first peak. No further peaks of virus excretion were seen for
the pigs in group 1 following subsequent re-inoculations (Figure 1a), but a low level of
viral RNA was still detectable in fecal samples from pig 3 at PID 49.

The pigs in group 2 (Figure 1b) were initially inoculated with material containing
SeCoV. Assays for the SeCoV RNA in this inoculation material gave relatively high Ct
values (from 25-35, using the TGEV/PRCV N gene assay, indicative of relatively low levels
of virus) and each of the 4 inoculated pigs in group 2 tested negative in this assay in all
fecal samples and swab samples collected between PID 0 and PID 11. Thus, there was no
sign of active infection with this virus. Therefore, it was decided to switch to using PEDV
material from Italy for a second inoculation. Following this inoculation, PEDV excretion
was first detected in pig 5 on PID 12, just one day after the first PEDV inoculation. The
virus excretion peaked on PID 15 for pigs 5 and 6, on PID 17 for pig 7, and on PID 18 for
pig 8—i.e., three to six days after inoculation (with Ct values between 11.1 and 14.7). No
further peaks of virus excretion were observed for animals in group 2 following the repeat
inoculations on PID 24 and 39 (see Figure 1b). Still, PEDV RNA was detected intermittently
in the fecal samples until PID 49 (38 days post-first PEDV inoculation).

3.3. Antibodies Measured by ELISAs and IPMA

Prior to inoculation, the eight pigs all tested negative for antibodies against PEDV
and TGEV using ELISA. Measurements of antibodies specific for PEDV detected using
the “in-house” PEDV blocking ELISA and IPMA are shown in Figure 2a,b. No anti-PEDV
response was apparent in the pigs in group 1 prior to the 2nd inoculation (on PID 11).
However, in both the ELISA and IPMA, seroconversion against PEDV in these pigs was
detected from PID 18 (7 days after the re-inoculation) (Figure 2a). Thus, the 3rd and 4th
inoculations were performed in seropositive animals, and this may account for the lack of
further episodes of high virus excretion (Figure 1a).

The pigs in group 2 were tested for antibodies to both TGEV and PEDV before and after
inoculation. All tests for TGEV were negative. In these pigs (Figure 2b), the development
of antibodies towards PEDV could be detected in both surviving pigs on PID 21 (ten days
after the first inoculation with the PEDV from Italy) using IPMA. Using the ELISA, pig
8 scored positive from PID 24 and pig 7 from PID 39, although both pigs reached the
inconclusive threshold range for the assay on PID 21. Pigs from group 1 (pigs 1 and 2) and
from group 2 (pigs 5 and 6) were euthanized before seroconversion occurred. The antibody
responses in both groups (as determined by ELISA) appeared to rise following each PEDV
inoculation (Figure 2a,b). However, the titers measured by IPMA seemed to plateau earlier
(Figure 2a,b). Presumably, the presence of anti-PEDV antibodies in both groups of pigs
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by the stage of the 3rd inoculation was sulfficient to severely limit further virus replication
and excretion.
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Figure 2. Seroconversion of pigs in group 1 (panel (a)) and group 2 (panel (b)) against PEDV. The
average ELISA absorbance percentage (ODp) values from testing of serum samples collected on the
pre-selected days indicated on the x-axis are shown. The ELISA threshold range of ODp values from
65 to 60 was defined as inconclusive, and values below 60 were considered positive. The columns
show the negative logj titers, defined as the highest dilution of serum that gave a positive result in
the IPMA. The IPMA was performed on sera from all the indicated days except PID 49 and 52 (not
tested, N.T.).

3.4. Clinical Assessment and Necropsies

Overall, only a few clinical signs were observed in the two groups of pigs following
inoculation with PEDV and mainly as intermittent diarrhea (clinical score 2) or thin/non-
formed feces (clinical score 1) (Figure 3). In group 1 (Figure 3a), after the first inoculation on
PID 0, all pigs developed diarrhea from PID 1 or 2 for a duration of 1-2 days. Gastrointesti-
nal signs in the form of thin feces were observed again in the pen around the time of the
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second inoculation on PID 11 and for up to ten days afterward. A single animal (pig 2) was
anorexic (clinical score 2) on PID 5. Still, no other changes in behavior/appearance were
observed within this group. Rectal temperatures were mainly within the normal range
(38.7-39.8 °C) [26] throughout the experiment, with a single measurement outside of this
range for pig 3 on PID 15 (40.0 °C).

Rectal o a
temperature Clinical
(°C) 1stinoc. 27 inoc. 31 inoc. 4t inoc. score
41 1 (PEDV) (PEDV) (PEDV) (PEDV) r1s
! ! ; ; 14
405 ! ' 13
: r12  ——Pig 1, temperature
Gl 11
—— Pig 2, temperature
] 10 :
395 1 Pig 3, temperature
T Fo
s —— Pig 4, temperature
] B ——— Stable 1, feces score sum
Pig 1, clinical score
38.5 6 - Pig
rs = Pig 2, clinical score
38 4 : Pig 3, clinical score
F3
I Pig 4, clinical score
375 1 2
1
= 7 7 T 7+ 0
42 45 48 51
Rectal - b
temperature Clinical
(°C) 4= inoc. 2" inoc. 3dinoc. 4% inoc. S50re
41 1 (SeCoV) (PEDV) (PEDV) (PEDV) - 15
i ' i i ; 14
405 1 13
] k12 Pig 5, temperature
407 rm ~—— Pig 6, temperature
395 : ;0 ~——— Pig 7, temperature
Hoemad —— Pig 8, temperature
range -8
39 L7 Stable 2, feces score sum
38.5 ] ; F6 Pig 5, clinical score
: : [5  mmmPigs6, clinical score
i H i L4
38 ! ! ' s pPig 7, clinical score
[ ' ' I3
! f g ; W Pig 8, clinical score
375 i ! i ‘ r2
i ! 1
i |
37 - e g LI e e - 0
24 27 30 33 36 39 42 45 48 51
PID

Figure 3. Clinical measurements of the pigs in group 1 (panel (a)) and group 2 (panel (b)). The sharp
curves show the rectal temperature measurements, which were rarely measured near the end of
the experiment. The grey bars indicate the normal temperature range for pigs (38.7-39.8 °C). The
columns show the clinical scores of the individual pigs in each group. The smooth curve shows
the sum of feces scores from the individual pigs, including a score of 1 if thin/non-formed feces or
diarrhea were found in the stable.

Two pigs (1 and 2) from group 1 were subjected to early euthanasia and necropsy on
PID 4 (after the initial inoculation) and PID 15 (4 days following the second inoculation on
PID 11), respectively. The observations made during necropsies are summarized in Table 2,
and RT-qPCR Ct values are given for the intestinal contents or fecal swabs for the sampled
days. Asindicated in Table 2, pig 1 did not have any internal lesions on PID 4. However, pig
2, euthanized on PID 15, showed mild macroscopic changes with increased fluid in parts
of the small intestinal lumen as signs of PEDV infection. All pigs in group 2 had reduced
appetite on PID 0. Therefore, the clinical scores were already different from zero before
inoculation with SeCoV (Figure 3b). Thin or non-formed feces were observed intermittently
from individual pigs and in the stable from PID 2 until PID 25. The only case of diarrhea in
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this group was seen in pig 6 on PID 14 (three days after the first inoculation with PEDV).
Rectal temperatures for the pigs in group 2 were also typically within the normal range,
with single measurements outside of the normal range for pig 6 on PID 15 (39.9 °C) and pig
7 on PID 32 (40.8 °C). Two pigs (5 and 6) were subjected to early euthanasia and necropsy
on PID 15. They showed mild-to-moderate changes from normal with a general increase of
fluid in the intestines (both pigs) together with dilation and gas (pig 6) (Table 2).

Table 2. Macroscopic findings during necropsy plus PEDV RNA detection within feces or
intestinal contents.

Group 1 Group 2
Pig 1 (+ PID 4) Pig 2 (+ PID 15) Pig 5 (+ PID 15) Pig 6 (+ PID 15)
Extern.aﬂ No remarks Shghtly smudged/dirty Normal.t.o lean body Smudged /dirty hindquarters
observations hindquarters condition score
. s Accumulation of fluid in the Substantial accumulation of
Accumulation of fluid in . . S I
lumen of the small intestine.  fluid in the lumen and dilation
Internal some parts of the lumen . . . . Lo
. No remarks . . Watery contents in the ileum.  of the small intestine. Liquid
findings and slight hyperemia of . .
. . Liquid contents and gas in contents and some gas
the small intestine .
the colon. in the colon.
PEDV
RT-qPCR Ct20.9 Ct14.3 Ct14.4 Ct16.0

Note: only abnormal findings are described. t indicates day of euthanisia

3.5. Virus Isolation Attempts

Attempts to isolate PEDV from the infected pigs in both group 1 and group 2 were
unsuccessful. No virus growth in cell culture was detected by IPMA or by RT-qPCR assays
following single or repeated passages. Indeed, it was observed that the Ct values increased
after subsequent virus passages (corresponding to dilution and decay of the nucleic acid).

4. Discussion

In this study, we wanted to infect young pigs, ca. 4 weeks of age, with recently
circulating strains of porcine coronaviruses, i.e., PEDV and SeCoV from Europe to observe
and characterize clinical and gross pathological changes due to these infections, to follow
the immune responses and to produce clinical materials containing high levels of virus and
virus-specific antisera.

Unfortunately, the inoculation of pigs with SeCoV did not result in any signs of in-
fection, and no virus excretion occurred. The inoculation material had readily detectable
levels of SeCoV RNA, although these were not high (Table 1), and it is not known whether
this RNA was present within infectious virus particles. It could be that the viability of the
virus in the material had been compromised before inoculation. In the case description [21],
based on the farm outbreak in Slovakia, the infection affected all pigs on the farm, with
mortality in young piglets of around 30-35%. The older animals showed loss of appetite,
elevated temperatures, and developed diarrhea but without vomiting and with no increase
in mortality. Since the outbreak on the two farms in 2015 [16,21], SeCoV has not been de-
tected in other farms in Slovakia. To our knowledge, it is the first time that this recombinant
virus has been administered to pigs under experimental conditions. Although other SeCoV
strains have been described [15,17,18], it can be difficult to obtain fresh virus-containing
material from diseased pigs, as these cases are usually initially attributed to PEDV and only
later correctly diagnosed using archived samples.

In our previous study, we were unable to infect pigs with a recent European field
strain of PEDV from Germany [19]. Therefore, new material from Germany from an
experimental study was obtained, and the pigs in group 1 were inoculated with this.
Interestingly, the first inoculation only produced a mild infection in the pigs with low
levels of virus excretion, and no antibody responses were apparent at PID 10 (Figure 2a).
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Hence, it was decided to re-inoculate the group to produce a more robust infection and
thorough immunization. Intestinal contents and organ material from the small intestine of
pig 1 were used to inoculate the remaining pigs in group 1. Following the 2nd inoculation,
the pigs showed a much higher level of virus excretion that continued for the remainder
of the experiment (until PID 52). During the necropsy of pig 2 on PID 15, gastrointestinal
changes were observed consistent with signs of a mild PEDV infection. Furthermore,
seroconversion of the pigs was detected from PID 18. This was a slower response than the
seroconversion by PID 7-10 observed in our previous study using a similar experimental
setup but with different PEDV strains (US and Br1/87) [19]. However, the anti-PEDV
response was detected at 7 days following the 2nd inoculation of the pigs in group 1, which
generated a much higher level of virus excretion (see Figures 1a and 2a). A recent review
about PEDV reported seroconversion occurring between 7-14 days after primary infection
(Jung et al., 2020) [3]. It appeared that the induction of anti-PEDV antibodies was sufficient
to severely limit further virus replication and, hence, excretion since no increases in virus
excretion were observed in the seropositive animals following re-inoculation on PID 24 and
39 (see Figures 1 and 2). It appears that before seroconversion, there was a time window
when it was still possible for PEDV to infect the enterocytes. Considering that the material
used for the second inoculation on PID 11 had a Ct value of around 21 (Table 1) and was
from a recently euthanized pig (pig 1), it seems that this material contained a substantial
amount of viable virus particles that could infect more enterocytes and thereby generate a
second, much higher, level of virus excretion than seen after the first inoculation.

Instead of continuing studies with the SeCoV, the uninfected pigs in group 2 were
inoculated with PEDV-containing material from a farm in Italy. This inoculation resulted in
PEDV infection, and to ensure a robust infection and a strong immune response, this group
was re-inoculated repeatedly. The PEDV excretion peaked at 3-6 days after the initial PEDV
inoculation and then decreased but continued to be present throughout the experiment (to
PID 52, i.e., 41 days post-PEDV inoculation). On PID 13 (2 days after PEDV inoculation),
thin feces were found in the pen, and pigs 5 and 6 were euthanized on PID 15. Both pigs
showed similar, mild-to-moderate pathological gastrointestinal changes upon necropsy,
comparable to pig 2, infected with the PEDV from Germany. The remaining pigs in group
2 seroconverted by PID 21 (IPMA) or PID 24-39 (ELISA), which corresponded to 10 and
13-28 days after the first inoculation with PEDV.

The observed course of the experimental infections in the two groups with PEDV
is consistent with reports of recent PEDV outbreaks in Europe, generally described as
mild cases [27]. Another factor that probably contributed to the mild disease is the age
of the pigs used in the experiment. The pigs in group 1 were 4.5 weeks old at the time
of the first inoculation, and the pigs in group 2 were eleven days older by the time they
received the PEDV. Normally, PEDV infection shows the most severe disease, with high
mortality, in newborn or suckling pigs due to a less developed large intestine and slower
regeneration of enterocytes [3]. However, different strains and outbreaks show varying
patterns of morbidity and mortality. In an experimental study by Leidenberger et al. [20]
that generated the material used in the present study, both inoculated and naturally infected
sows showed serious disease with diarrhea, anorexia, and vomiting. Furthermore, suckling
piglets without maternally derived antibodies to PEDV were severely affected by diarrhea
and vomiting. However, the fattening pigs, which had been the animals mainly affected in
the field outbreaks in South West Germany, had generally shown mild clinical signs [13,20].
In Italy, PEDV INDEL strains were responsible for an epidemic wave between 2015 and
2017. In a study evaluating these outbreaks in Northern Italy (mainly in the Po valley),
animals in all age groups were affected by diarrhea, but in general, with low mortality rates
(highest for piglets) [22]. The material used for inoculation of the pigs in group 2 in the
present study was collected from the same geographical region. Sequence analysis of the
PEDVs circulating in Germany and Italy at the time that these samples were collected has
shown that the viruses were very closely related (>99% identity) to the OH851 S-INDEL
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variant strain (GenBank accession number KJ399978) from the USA that had been found in
2014 [13,22].

The pigs were RT-qPCR positive for PEDV with intermittent shedding up to PID 49 (for
group 2 corresponding to 38 days after PEDV infection). However, we do not know if the
long shedding period was due to the re-inoculations and if the third and fourth inoculations
had any effect on the duration of virus shedding. Long periods of viral RNA shedding
have been described earlier with RT-qPCR detection of the virus for up to 42 days after
infection but with the shedding of infectious virus for only 14-16 days [28]. Even longer
durations of positive RT-qPCR results, for up to ten weeks after infection of pigs in a field
setting, were seen from tests of oral fluid samples [29].

Unfortunately, we were unable to isolate the PEDVs from Germany and Italy, even
after in vivo passage in pigs. However, the same methodology had previously been used
successfully for isolating a recent PEDV from the USA (US/Lindholm 2014) [19]. In a study
in which nine US PEDV strains were successfully isolated, intestines or feces were collected
and prepared directly for cell inoculation without freezing and thawing [30]. The authors
chose the Vero-81 cell line for this work due to their lower trypsin sensitivity compared to
two other Vero cell lines. The inoculated cells were left to incubate for up to seven days to
reach about 90% CPE. Challenges in isolating PEDV are well known. The key to success
has been suggested to be a high concentration of virus in the inoculum and immediate
virus isolation from fresh samples [30,31]. However, isolates of different current European
strains of PEDV have been obtained, e.g., INDEL strain isolates from Germany [13]. These
isolates are important, as they provide the basis for further characterization of the viruses
in the laboratory, in their hosts, and for future vaccine development.

Author Contributions: Conceptualization, C.M.L. and A.B.; methodology, CM.L., L.L., T.B.R. and
A.B.; formal analysis, C.M.L.; investigation, C.M.L. and L.L.; resources, A.B.; data curation, CM.L;
writing—original draft preparation, C.M.L.; writing—review and editing, L.L., G.J.B., TB.R. and A.B.;
visualization, C.M.L.; supervision, G.J.B., T.B.R. and A.B.; project administration, A.B. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The animal study protocol was approved by the Danish
Animal Experimentation Inspectorate (license number 2014-15-0201-00263).

Informed Consent Statement: Not applicable.

Data Availability Statement: The relevant data from the experiments described here are included in
the article.

Acknowledgments: This study was performed as part of a CoVetLab project (CoVetLab is a partner-
ship of national veterinary public health institutes from Denmark, France, The Netherlands, Sweden,
and the United Kingdom). The PEDV inoculation materials were kindly provided by Sandra Blome
at FLI, Germany, and by Antonio Lavazza and Davide Lelli at IZSLER, Italy. We are grateful for the
help of the animal caretakers Heidi Lehman and Janni Oxfeldt and for help from the cell culture lab.
Furthermore, Helle Rasmussen and especially Jane Borch were central to sample processing during
and after the experiment.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

de Groot, R.J.; Baker, S.C.; Baric, R.; Enjuanes, L.; Gorbalenya, A.E.; Holmes, K.V,; Perlman, S.; Poon, L.; Rottier, P].M.; Talbot, PJ.;
et al. Family: Coronaviridae. In Virus Taxonomy, Ninth Report of the International Committee on Taxonomy of Viruses; King, AM.Q.,
Adams, M.]., Carstens, E.B., Lefkowitz, EJ., Eds.; Elsevier: Amsterdam, The Netherlands, 2012; pp. 806-828. [CrossRef]
Pensaert, M.; Callebaut, P.; Vergote, J. Isolation of a porcine respiratory, non-enteric coronavirus related to transmissible
gastroenteritis. Vet. Q. 1986, 8, 257-261. [CrossRef] [PubMed]

Jung, K,; Saif, L.].; Wang, Q. Porcine epidemic diarrhea virus (PEDV): An update on etiology, transmission, pathogenesis, and
prevention and control. Virus Res. 2020, 286, 198045. [CrossRef] [PubMed]

Pensaert, M.B.; Martelli, P. Porcine epidemic diarrhea: A retrospect from Europe and matters of debate. Virus Res. 2016, 226, 1-6.
[CrossRef] [PubMed]


http://doi.org/10.1016/B978-0-12-384684-6.00068-9
http://doi.org/10.1080/01652176.1986.9694050
http://www.ncbi.nlm.nih.gov/pubmed/3018993
http://doi.org/10.1016/j.virusres.2020.198045
http://www.ncbi.nlm.nih.gov/pubmed/32502552
http://doi.org/10.1016/j.virusres.2016.05.030
http://www.ncbi.nlm.nih.gov/pubmed/27317168

Viruses 2022, 14, 2751 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Lee, C. Porcine epidemic diarrhea virus: An emerging and re-emerging epizootic swine virus. Virol. J. 2015, 12, 193. [CrossRef]
[PubMed]

Marthaler, D.; Jiang, Y.; Otterson, T.; Goyal, S.; Rossow, K.; Collins, J. Complete Genome Sequence of Porcine Epidemic Diarrhea
Virus Strain USA /Colorado/2013 from the United States. Genome Announc. 2013, 1, e00555-13. [CrossRef] [PubMed]

Jung, K.; Saif, L.]J. Porcine epidemic diarrhea virus infection: Etiology, epidemiology, pathogenesis and immunoprophylaxis.
Vet. J. 2015, 204, 134-143. [CrossRef]

Marthaler, D.; Raymond, L.; Jiang, Y.; Collins, J.; Rossow, K.; Rovira, A. Rapid Detection, Complete Genome Sequencing, and
Phylogenetic Analysis of Porcine Deltacoronavirus. Emerg. Infect. Dis. 2014, 20, 1347-1350. [CrossRef]

Vlasova, A.N.; Marthaler, D.; Wang, Q.; Culhane, M.R.; Rossow, K.D.; Rovira, A.; Collins, J.; Saif, L.]. Distinct characteristics and
complex evolution of PEDV strains, North America, May 2013-February 2014. Emerg. Infect. Dis. 2014, 20, 1620-1628. [CrossRef]
Wang, L.; Byrum, B.; Zhang, Y. New variant of porcine epidemic diarrhea virus, United States, 2014. Emerg. Infect. Dis. 2014, 20,
917-919. [CrossRef]

Kirchdoerfer, R.N.; Bhandari, M.; Martini, O.; Sewall, L.M.; Bangaru, S.; Yoon, K.-J.; Ward, A.B. Structure and Immune Recognition
of the Porcine Epidemic Diarrhea Virus Spike Protein. Structure 2021, 29, 385-392. [CrossRef]

Zhao, P; Xu, L.D.; Zhang, Y.; Cao, H.; Chen, R.; Wang, B.; Huang, Y.W. Expression of the human or porcine C-type lectins
DC-SIGN/L-SIGN confers susceptibility to porcine epidemic diarrhea virus entry and infection in otherwise refractory cell lines.
Microb. Pathog. 2021, 157, 104956. [CrossRef] [PubMed]

Hanke, D.; Jenckel, M.; Petrov, A.; Ritzmann, M.; Stadler, J.; Akimkin, V.; Blome, S.; Pohlmann, A.; Schirrmeier, H.; Beer, M.;
et al. Comparison of Porcine Epidemic Diarrhea Viruses from Germany and the United States, 2014. Emerg. Infect. Dis. 2015, 21,
493-496. [CrossRef]

Karte, C.; Platje, N.; Bullermann, J.; Beer, M.; Hoper, D.; Blome, S. Re-emergence of porcine epidemic diarrhea virus in a
piglet-producing farm in northwestern Germany in 2019. BMC Vet. Res. 2020, 16, 329. [CrossRef]

Akimkin, V.; Beer, M.; Blome, S.; Hanke, D.; Hoper, D.; Jenckel, M.; Pohlmann, A. New chimeric porcine coronavirus in Swine
Feces, Germany, 2012. Emerg. Infect. Dis. 2016, 22, 1314-1315. [CrossRef] [PubMed]

Belsham, G.J.; Rasmussen, T.B.; Normann, P.; Vaclavek, P; Strandbygaard, B.; Betner, A. Characterization of a Novel Chimeric
Swine Enteric Coronavirus from Diseased Pigs in Central Eastern Europe in 2016. Transbound. Emerg. Dis. 2016, 63, 595-601.
[CrossRef] [PubMed]

Boniotti, M.B.; Papetti, A.; Lavazza, A.; Alborali, G.; Sozzi, E.; Chiapponi, C.; Faccini, S.; Bonilauri, P.; Cordioli, P.; Marthaler, D.
Porcine epidemic diarrhea virus and discovery of a recombinant swine enteric coronavirus, Italy. Emerg. Infect. Dis. 2016, 22,
83-87. [CrossRef] [PubMed]

de Nova, PJ.G.; Cortey, M.; Diaz, I.; Puente, H.; Rubio, P.; Martin, M.; Carvajal, A. A retrospective study of porcine epidemic
diarrhoea virus (PEDV) reveals the presence of swine enteric coronavirus (SeCoV) since 1993 and the recent introduction of a
recombinant PEDV-SeCoV in Spain. Transbound. Emerg. Dis. 2020, 67,2911-2922. [CrossRef]

Lohse, L.; Krog, ].S.; Strandbygaard, B.; Rasmussen, T.B.; Kjeer, J.; Belsham, G.J.; Botner, A. Experimental Infection of Young Pigs
with an Early European Strain of Porcine Epidemic Diarrhoea Virus and a Recent US Strain. Transbound. Emerg. Dis. 2017, 64,
1380-1386. [CrossRef]

Leidenberger, S.; Schroder, C.; Zani, L.; Auste, A.; Pinette, M.; Ambagala, A.; Nikolin, V.; de Smit, H.; Beer, M.; Blome, S. Virulence
of current German PEDV strains in suckling pigs and investigation of protective effects of maternally derived antibodies. Sci. Rep.
2017, 7, 10825. [CrossRef]

Mandelik, R.; Sarvas, M.; Jackova, A.; Salamunova, S.; Novotny, J.; Vilcek, S. First outbreak with chimeric swine enteric
coronavirus (SeCoV) on pig farms in Slovakia—Lessons to learn. Acta Vet. Hung. 2018, 66, 488-492. [CrossRef]

Boniotti, M.B.; Papetti, A.; Bertasio, C.; Giacomini, E.; Lazzaro, M.; Cerioli, M.; Faccini, S.; Bonilauri, P.; Vezzoli, F; Lavazza, A,;
et al. Porcine Epidemic Diarrhoea Virus in Italy: Disease spread and the role of transportation. Transbound. Emerg. Dis. 2018, 65,
1935-1942. [CrossRef]

Chen, Q.; Li, G; Stasko, ].; Thomas, ]J.T.; Stensland, W.R,; Pillatzki, A.E.; Gauger, P.C.; Schwartz, K.J.; Madson, D.; Yoon, K.J.; 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, 234-243. [CrossRef] [PubMed]

Kim, S.H.; Kim, L].; Pyo, HM.,; Tark, D.S.; Song, ].Y.; Hyun, B.H. Multiplex real-time RT-PCR for the simultaneous detection and
quantification of transmissible gastroenteritis virus and porcine epidemic diarrhea virus. J. Virol. Methods 2007, 146, 172-177.
[CrossRef] [PubMed]

Strandbygaard, B.; Lavazza, A.; Lelli, D.; Blanchard, Y.; Grasland, B.; le Poder, S.; Rose, N.; Steinbach, F.; van der Poel, WH.M.;
Widén, E; et al. Inter-laboratory study to characterize the detection of serum antibodies against porcine epidemic diarrhoea virus.
Vet. Microbiol. 2016, 197, 151-160. [CrossRef]

Fielder, S.E. Normal Rectal Temperature Ranges [WWW Document]. MSD Veterinary Manual. 2015. Available online: https:
/ /www.msdvetmanual.com/multimedia/table/normal-rectal-temperature-ranges (accessed on 2 March 2022).

Hanke, D.; Pohlmann, A.; Sauter-Louis, C.; Hoper, D.; Stadler, J.; Ritzmann, M.; Steinrigl, A.; Schwarz, B.A.; Akimkin, V.; Fux, R,;
et al. Porcine epidemic diarrhea in Europe: In-detail analyses of disease dynamics and molecular epidemiology. Viruses 2017,
9,177. [CrossRef] [PubMed]


http://doi.org/10.1186/s12985-015-0421-2
http://www.ncbi.nlm.nih.gov/pubmed/26689811
http://doi.org/10.1128/genomeA.00555-13
http://www.ncbi.nlm.nih.gov/pubmed/23929470
http://doi.org/10.1016/j.tvjl.2015.02.017
http://doi.org/10.3201/eid2008.140526
http://doi.org/10.3201/eid2010.140491
http://doi.org/10.3201/eid2005.140195
http://doi.org/10.1016/j.str.2020.12.003
http://doi.org/10.1016/j.micpath.2021.104956
http://www.ncbi.nlm.nih.gov/pubmed/34022357
http://doi.org/10.3201/eid2103.141165
http://doi.org/10.1186/s12917-020-02548-4
http://doi.org/10.3201/eid2207.160179
http://www.ncbi.nlm.nih.gov/pubmed/27070291
http://doi.org/10.1111/tbed.12579
http://www.ncbi.nlm.nih.gov/pubmed/27619563
http://doi.org/10.3201/eid2201.150544
http://www.ncbi.nlm.nih.gov/pubmed/26689738
http://doi.org/10.1111/tbed.13666
http://doi.org/10.1111/tbed.12509
http://doi.org/10.1038/s41598-017-11160-w
http://doi.org/10.1556/004.2018.043
http://doi.org/10.1111/tbed.12974
http://doi.org/10.1128/JCM.02820-13
http://www.ncbi.nlm.nih.gov/pubmed/24197882
http://doi.org/10.1016/j.jviromet.2007.06.021
http://www.ncbi.nlm.nih.gov/pubmed/17697717
http://doi.org/10.1016/j.vetmic.2016.11.020
https://www.msdvetmanual.com/multimedia/table/normal-rectal-temperature-ranges
https://www.msdvetmanual.com/multimedia/table/normal-rectal-temperature-ranges
http://doi.org/10.3390/v9070177
http://www.ncbi.nlm.nih.gov/pubmed/28684708

Viruses 2022, 14, 2751 13 of 13

28. Crawford, K,; Lager, K.; Miller, L.; Opriessnig, T.; Gerber, P.; Hesse, R. Evaluation of porcine epidemic diarrhea virus transmission
and the immune response in growing pigs. Vet. Res. 2015, 46, 49. [CrossRef] [PubMed]

29. Bjustrom-Kraft, J.; Woodard, K.; Giménez-Lirola, L.; Rotolo, M.; Wang, C.; Sun, Y.; Lasley, P; Zhang, J.; Baum, D.; Gauger, P, et al.
Porcine epidemic diarrhea virus (PEDV) detection and antibody response in commercial growing pigs. BMC Vet. Res. 2016, 12, 99.
[CrossRef] [PubMed]

30. Oka, T Saif, L.J.; Marthaler, D.; Esseili, M.A.; Meulia, T; Lin, C.M.; Vlasova, A.N,; Jung, K.; Zhang, Y.; Wang, Q. Cell culture
isolation and sequence analysis of genetically diverse US porcine epidemic diarrhea virus strains including a novel strain with a
large deletion in the spike gene. Vet. Microbiol. 2014, 173, 258-269. [CrossRef]

31. Choudhury, B,; Dastjerdi, A.; Doyle, N.; Frossard, J.P.; Steinbach, F. From the field to the lab—An European view on the global
spread of PEDV. Virus Res. 2016, 226, 40—49. [CrossRef]


http://doi.org/10.1186/s13567-015-0180-5
http://www.ncbi.nlm.nih.gov/pubmed/25943434
http://doi.org/10.1186/s12917-016-0725-5
http://www.ncbi.nlm.nih.gov/pubmed/27287624
http://doi.org/10.1016/j.vetmic.2014.08.012
http://doi.org/10.1016/j.virusres.2016.09.003

	Introduction 
	Materials and Methods 
	Animals and Housing 
	Virus Inoculation 
	Sampling, Sample Analysis, and Scoring of Pigs 
	Euthanasia and Necropsies 
	Virus Isolation 

	Results 
	Inoculation of Pigs and Analysis of Infection 
	Presence of Viral RNA Measured by RT-qPCR 
	Antibodies Measured by ELISAs and IPMA 
	Clinical Assessment and Necropsies 
	Virus Isolation Attempts 

	Discussion 
	References

