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Abstract Porcine epidemic diarrhea virus (PEDV) is the
major causative agent of fatal diarrhea in piglets. To study
the pathogenic features of PEDV using a mouse model,
PEDV with virulence in mice is required. In pursuit of this,
we adapted a tissue-culture-passed PEDV MK strain to
suckling mouse brains. PEDV obtained after ten passages
through the brains (MK-p10) had increased virulence for
mice, and its fusion activity in cultured cells exceeded that
of the original strain. However, the replication kinetics of
MK and MK-p10 did not differ from each other in the brain
and in cultured cells. The spike (S) protein of MK-p10 had
four amino acid substitutions relative to the original strain.
One of these (an H-to-R substitution at residue 1,381) was
first detected in PEDV isolated after eight passages, and
both this virus (MK-p8) and MK-p10 showed enhanced
syncytium formation relative to the original MK strain and
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viruses isolated after two, four, and six passages, suggest-
ing the possibility that the H-to-R mutation was responsible
for this activity. This mutation could be also involved in
the increased virulence of PEDV observed for MK-p10.

Abbreviations
APN Aminopeptidase N
CT Cytoplasmic tail

FCS Fetal calf serum

DMEM Dulbecco’s modified Eagle’s medium
HCoV Human coronavirus

IBV Infectious bronchitis virus

i.c. Intracerebrally

MHV Mouse hepatitis virus

m.o.i. Multiplicity of infection

PEDV  Porcine epidemic diarrhea virus
PBS Phosphate-buffered saline

PFU Plaque-forming unit

p-i. Post-infection

S Spike

SARS Severe acute respiratory syndrome
TGEV  Transmissible gastroenteritis virus
TPB Tryptose phosphate broth
Introduction

The group I coronavirus porcine epidemic diarrhea virus
(PEDV) is an enveloped RNA virus with a single,
positive-stranded genome about 30 kb in length [9].
PEDV is the causative agent of pig diarrhea and induces
a loss of appetite and weight in adult pigs, whereas it is
lethal in piglets [16]. However, our understanding of the
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pathogenesis of diseases caused by PEDV is limited due
to a lack of appropriate small-animal models.

Coronaviruses cause various diseases in a species-spe-
cific manner, and they grow in cultured cells established
from susceptible host species; human, feline, and porcine
coronaviruses grow only in cells isolated from the
respective species [24]. One of the major factors deter-
mining species specificity is the cellular receptor, which
interacts with a given virus, but not with other viruses,
when the virus initially encounters cells [5]. Some of the
group I coronaviruses, such as porcine transmissible gas-
troenteritis virus (TGEV) and human coronavirus 229E
(HCoV-229E), utilize aminopeptidase N (APN) [1, 19, 22,
23]. However, the receptor of PEDV has not yet been
identified, although there was a controversial report on a
PEDYV receptor protein [10].

Expression of the receptor protein for mouse hepatitis
virus (MHV) and severe acute respiratory syndrome
(SARS)-associated coronavirus (SARS-CoV) in cultured
cells confers susceptibility to each of these viruses [2, 4,
25]. Expression of the TGEV receptor in mice from a
transgene rendered otherwise resistant mice susceptible to
TGEV [1]. However, this approach is not available for
PEDV. An alternative approach is to isolate viruses that
have adapted for growth within the animals and which
exhibit virulence. Such adaptations have been reported for
two other coronaviruses, IBV and OC43 [3]. In the present
study, we isolated a strain of PEDV that was more virulent
than the original tissue-culture-adapted virus after passage
through mouse brain cells. The adapted virus showed
enhanced cytopathology compared with the original virus.

Materials and methods
Cells and viruses

Vero cells were obtained from the American Type Culture
Collection (ATCC; Manassass, VA, USA). The cells were
maintained in Dulbecco’s modified Eagle’s medium
(DMEM,; Sigma, St. Louis, MO, USA) containing 5% fetal
calf serum (FCS). The PEDV strain used in this study was
an MK strain isolated from the jejunum of a pig that had
exhibited diarrhea in 1996 in Japan, and which had been
passed nine times in Vero cell cultures. PEDV was
maintained in Vero cells using a slightly modified version
of a reported method [8]. Briefly, Vero cells were infected
with the virus. After 1 h, the cells were washed with
phosphate-buffered saline (PBS) and cultured in DMEM
containing 10% tryptose phosphate broth (TPB) and
2.5 pg/ml trypsin (Sigma) for 15 h. Next, the cells
and supernatant were pooled, ultrasonicated, and stored at
—80°C until use.
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Virus titration

The PEDV infectious titer was determined by a plaque
assay using Vero cells. Briefly, Vero cell monolayers
grown in 24-well plates coated with type I collagen (AGC
Techno Glass, Chiba, Japan) were inoculated with serially
diluted virus samples. After 1 h to allow for adsorption of
the virus, the inoculum was removed, the cells were
washed with PBS, and DMEM containing 10% TPB and
1.25 pg/ml trypsin was added. For titration of the virus,
half of the concentration of trypsin was used to drive cell
fusion in a procedure that is gentle compared with viral
propagation. After a 15-h incubation, the cells were fixed
and stained with PBS containing 0.1% crystal violet and
20% formalin under ultraviolet light. After staining for 2 h,
the cells were washed with water and dried, and the pla-
ques were counted under a light microscope as described
for the infectious titration of human coronavirus 229E [6].
The viral titer in the brains of the mice is given as plaque-
forming units (PFU)/50 pl of 10% homogenate, whereas
the titer in the supernatant is given as PFU/ml of super-
natant; the cell titer is given as PFU/well of a 24-well plate.

Isolation of a murine-adapted variant of PEDV

Specific-pathogen-free (SPF) pregnant ICR mice were
obtained from Japan SLC (Shizuoka, Japan). All animal
experiments were approved by the Committee on Experi-
mental Animals, National Institute of Infectious Diseases,
Japan, and all experimental animals were handled accord-
ing to the guidelines of the same committee. All SPF mice
were confirmed by seromonitoring to be free from infection
with MHV, lactate dehydrogenase virus, and other patho-
genic microorganisms. Newborn (within 24 h of birth;
0-day-old) mice were used in this study.

PEDYV strain MK (2,500 PFU) was inoculated intracere-
brally (i.c.) into the brains of 0-day-old mice (n = 12-16).
Five days post-infection (p.i.), the mice were sacrificed and
their brains collected, pooled, and homogenized in PBS to
yield a 10% suspension, which was centrifuged at 2,000 rpm
for 10 min at 4°C. Next, 10 pl of the supernatant from the
10% brain homogenate was inoculated i.c. into suckling
mouse brains, and the brains were collected as described
above. This cycle was repeated ten times, and the virus
obtained was designated MK-p10. MK-p10 was amplified
once by Vero cell culture to match its condition to that of the
original virus, then stored at —80°C until use.

Infection of mice and Vero cell culture
To investigate viral virulence and replication in mouse

brains, 0-day-old mice were infected i.c. with 5,000 PFU of
PEDYV and monitored daily for clinical features; they were
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also weighed daily. PBS was used in a mock infection. To
examine viral replication in the brains, the mice were
euthanized on the indicated day p.i., their brains were
collected, and 10% homogenates were prepared as descri-
bed above. To determine the replication kinetics in cultured
cells, Vero cells were infected with PEDV at a multiplicity
of infection (m.o.i.) of 0.1. After 1 h, the cells were washed
with PBS and cultured in DMEM containing 10% TPB and
2.5 pg/ml trypsin. At the indicated hour p.i., the superna-
tant and cells were collected separately, the cells were
ultrasonicated, and the viral titers were determined using a
plaque assay as described above.

Sequence analysis

Viral RNA was extracted with TRIzol LS reagent (Invit-
rogen, Carlsbad, CA, USA) following the manufacturer’s
protocol. First-strand cDNA was synthesized using M-MLV
reverse transcriptase (Takara-Bio, Shiga, Japan) and oligo-
d(T);¢ (Applied Biosystems, Foster City, CA, USA). To
determine the nucleotide sequence of the gene encoding
spike (S) protein, the viral sequence containing the S protein
region was amplified with Platinum 7aq High Fidelity DNA
polymerase (Invitrogen) and a specific primer set (sense
5'-GTTAGGCTTGTTGAAGAATGG-3' [nucleotides 20,551
—20,571] and anti-sense 5'-AAGACAAGTTGACAGACT
TCG-3’ [nucleotides 24,861-24,841]; the nucleotide posi-
tions are based on the sequence of CV777 [GenBank
NC_003436]). The amplified DNA fragments were purified
using the Wizard SV Gel and PCR Clean-Up System
(Promega, Madison, WI, USA) and then sequenced directly.
All sequence analyses were performed with BigDye termi-
nator v3.1 and an ABI PRISM 3130xI (Applied Biosystems).

Statistical analysis

To determine the statistical significance of the survival
curves, log-rank and generalized Wilcoxon tests were

performed. Significance was determined in all other cases
using unpaired ¢ tests. p < 0.05 was considered to be sta-
tistically significant.

Results
Isolation of a murine-adapted variant of PEDV

To obtain a murine-adapted variant of PEDV, passage
through suckling mice was performed. Zero-day-old mice
were inoculated i.c. with the MK strain of PEDV, and the
brains of the infected mice were collected four or 5 days
later. The brains were pooled and used for the next round of
mouse inoculation. Surprisingly, mice infected with the
non-adapted, original strain (MK) showed clinical signs and
mortality; these observations differ from those reported for
HCoV 0OC43 and IBV [3]. However, in subsequent pas-
sages, clinical signs in the infected mice, such as trembling,
tremors, and growth retardation, became more obvious. The
process was stopped after ten passages, at which point the
variant was designated MK-p10. The original MK strain and
the mouse-adapted variant MK-p10 were inoculated onto
Vero cells in the presence of trypsin and cultured for 15 h.
As shown in Fig. 1, more syncytium formation was seen in
the cells infected with MK-p10 than in those infected with
the original strain. The mean diameter of the MK-p10 syn-
cytia was significantly greater than that of the MK syncytia
(874 £ 177 vs. 348 & 104 pm; n = 10, p < 0.0001).

The neurovirulence of MK-p10 in suckling mice was
examined. Zero-day-old mice were infected i.c. with 5,000
PFU of virus and monitored daily for clinical symptoms
and mortality. All mice infected with MK and MK-p10
succumbed to infection; however, the mice infected with
MK-pl10 died more quickly than the MK-infected mice
(Fig. 2a; n = 25, p < 0.01). The mice were also weighed
daily (Fig. 2b; n = 12). The weights of the mice infected
with MK or MK-p10 increased for 3—4 days after infection.

Fig. 1 Plaque morphology of the murine-adapted variant of PEDV A
Vero cell monolayer was infected with MK and MK-p10. After viral
adsorption, the cells were washed with PBS and cultured with DMEM

containing 10% TPB and 1.25 pug/ml trypsin for 15 h at 37°C. Next,
the cells were fixed, stained with PBS containing 0.1% crystal violet,
and observed by light microscopy
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Fig. 2 Virulence of MK-p10 in mice. a Survival rate of MK-p10-
infected mice. Zero-day-old mice were infected i.c. with 5,000 PFU
of PEDV and monitored daily for mortality (n = 25, p < 0.01; MK,
squares; MK-p10, circles). b Body weight changes. Mice infected as
described above were weighed daily over the course of the infection
(n = 12; mock, diamonds; MK, squares; MK-p10, circles)

Subsequently, the weight of the mice decreased beginning
4 days p.i., whereas the mice infected with MK began to
lose weight 8 days p.i.—4 days later than the MK-p10-
infected mice. The body weight of the mice infected with
MK-p10 was determined 7 days p.i. because most of the
mice had succumbed by 7-11 days p.i. The mock-infected
mice did not exhibit weight loss or clinical symptoms. As
described above, a mouse-adapted variant of PEDV was
successfully isolated.

Viral growth in mouse brain and cells
The growth kinetics of the original strain and MK-p10
were examined in suckling mouse brains. MK and MK-p10

exhibited similar growth kinetics in suckling mouse brain,
peaking on day 4 p.i. (Fig. 3a). Their growth kinetics in
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cultured Vero cells was also determined. Some coronavi-
ruses tend to remain intracellular, and viral stocks are
prepared by ultrasonication or repeated freeze-thawing
cycles. To compare the amounts of budded and intracel-
lular virus, the titers in the supernatant (Fig. 3b) and cells
(Fig. 3c) were determined separately. Similar to the growth
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Fig. 3 The replication kinetics of MK (squares) and MK-pl0
(circles). a Viral replication in suckling mouse brain. Zero-day-old
mice were infected i.c. with 5,000 PFU of PEDV. At the indicated
days p.i., the brains were collected and 10% homogenates were
prepared. The viral titer in the brains was determined using a plaque
assay with Vero cells and is expressed as PFU/50 ul of 10%
homogenates (n = 3). b, ¢ Viral replication in cultured cells. Vero
cells were infected with PEDV at an m.o.i. of 0.1. Viral titers in the
supernatants (b) and cells (¢) were determined separately using plaque
assays (n = 6). The viral titer in the supernatant is given as PFU/ml
of supernatant, while that in the cells is given as PFU per well of a
24-well plate

Table 1 Nucleotide sequence and amino acid differences in the S
protein region of the murine-adapted variant MK-P10 relative to the S
protein of MK

Nucleotide Nucleotide Amino acid Amino acid
position substitution change position
1,487 T->C Tle (I) - Thr (T) 496
2,321 C->T Thr (T) - Met (M) 774
2,411 C->A Ala (A) - Asp (D) 804
4,142 A -G His (H) —» Arg (R) 1,381

kinetics in the brains of the mice, the growth pattern in
Vero cells did not differ significantly between MK and
MK-pl10 (Fig. 3b, c). These results suggest that the
increased virulence in suckling mice and syncytium for-
mation in cultured cells is not due to increased growth in
the brain or cultured cells.

Comparison of viral S proteins isolated
at different passages

Because the S proteins of coronaviruses are reported to be
associated with viral pathogenicity [20], primary sequences
of the S proteins of MK-p10 were compared with those of
the parental virus MK. Four nucleotide substitutions were
observed between the viruses (1,487 [T — CJ; 2,321
[C - TI]; 2,411 [C — A]; and 4,142 [A — G]), each of
which resulted in an amino acid substitution (496 [I — T];
774 [T - M]; 804 [A — D]; and 1,381 [H — R))
(Table 1). Among these, the amino acid substitutions at
positions 804 and 1,381 resulted in a polarity change
(hydrophobic to hydrophilic).

To determine at which brain passage the amino acid
changes occurred, we determined the primary sequences of
S protein from the viruses isolated after two, four, six, and
eight passages in mouse brain. As shown in Table 2, the
amino acid at position 804 differed at the second passage,
while those at positions 496 and 774 changed simulta-
neously at the fourth passage. The amino acid change at
position 1,381 occurred at the eighth passage. As described
above, the plaque size of MK-p10 was larger than that of

Table 2 Amino acid changes occurring in the S protein every second
passage

Amino acid position Passage number

0 2 4 6 8 10
496 I I T T T T
774 T T M M M M
804 A D D D D D
1,381 H H H H R R

the parental strain (Fig. 1). This larger plaque morphology
was also detected in PEDV after eight passages, whereas
the viruses isolated after four and six passages showed
syncytium formation similar to that in MK (Fig. 4). These
results suggest that the amino acid change at position 1,381
(H to R) first detected at the eighth passage, which is
located in the cytoplasmic tail (CT) region, contributed to
the larger plaques of MK-p10, though other genes must be
considered.

Discussion

Two different coronaviruses, OC43 and IBV, have suc-
cessfully adapted to grow in mice and show virulence after
brain-to-brain passage in suckling mice [3, 12]. These
viruses initially showed low virulence (i.e., clinical
symptoms such as tremor and rigidity and lethargy in
suckling mice), but the virulence increased with repeated
passage in mouse brains. In this study, the passage of
PEDV in suckling mouse brains clearly strengthened its
virulence, similar to the adaptation seen in OC43 and IBV.
Unexpectedly, the original mouse non-adapted PEDV
showed significant virulence for suckling mice. The pri-
mary sequences of S protein from the viruses isolated after
repeated passages were determined. PEDV passed in
mouse brains showed mutations in the S protein, which had
accumulated after ten passages. The H-to-R mutation at
residue 1,381, which was first detected after eight passages,
is likely responsible for the enhanced cell-cell fusion
activity, as only those viruses with this mutation showed
significantly larger syncytia compared with the original
PEDV; The S protein is a major determinant of the fusion
activity of coronaviruses [5, 20]. It would be interesting to
find out whether this substitution in the S protein is
responsible for the enhanced fusion activity by expressing
S protein alone. Those mutations found in the mouse-
adapted viral S proteins could be responsible for the
increased virulence; however, other genes have been
reported to be involved in the virulence of such coronavi-
ruses as MHV and SARS-CoV [7, 15, 17, 21]. To identify
the genes responsible for the increase in virulence, we
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P6

Fig. 4 Plaque morphology of PEDV isolates after mouse brain
passage PEDV passed in mouse brains two (P2), four (P4), six (P6),
eight (P8), or ten (P10) times as well as the original MK (P0) was

would need the entire genomic sequences of the original
and mouse-adapted PDEVs; additionally, reverse-genetic
analyses would be essential.

PEDV differs from most coronaviruses in that it grows
in cultures of cells derived from animal species not sus-
ceptible to PEDV; the virus grows efficiently in Vero cells
derived from the kidneys of green monkey, which is not a
natural host of the virus [8]. Few cases are known in which
coronaviruses multiply in cells derived from non-suscep-
tible host animals. SARS-CoV can grow in a variety of
cells established from several animal species [13, 14, 18,
24], and it is somewhat capable of growing in the same
animals; however, efficient infection is restricted to cells
from animals that support SARS-CoV infection [24]. The
growth potential of SARS-CoV in a variety of animal cells
correlated with the utilization of its receptor molecule,
ACE2 [11]. Most known coronaviruses become infective in
cells when their functional receptor molecule is expressed
by transfection with a plasmid encoding the receptor
molecule [5]. This suggests that Vero cells susceptible to
PEDV infection express a functional receptor. In our study,
both mouse-adapted and non-adapted MK strains of PEDV
could infect and grow in suckling mouse brains, suggesting
that a receptor molecule utilized by both viruses exists in
suckling mouse brain. To determine which cell types in the
brain express the receptor, we are attempting to identify the
cell types that are infected by PEDV in suckling mouse
brain. This will provide valuable information related to the
receptor molecule utilized by PEDV.

In summary, a highly neurovirulent variant of PEDV was
successfully isolated by passage following the i.c. infection
of 0-day-old suckling mice. The S protein of the variant had
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P10

inoculated onto Vero cells. Cell fusion assays were performed as
described in the legend to Fig. 1

four amino acid substitutions, which might be responsible
for its enhanced cell—cell fusion activity. Of these substi-
tutions, the H-to-R substitution at position 1,381 in the CT
region of the S protein is likely to be the determinant of
the high fusion activity. To address this possibility, the
expression of wild-type and mutant S proteins in cultured
cells and an analysis of their fusion activity are necessary.
Reverse-genetic analyses of the entire PEDV genome are
also required to assess the effect of S protein mutations on
the virulence and pathogenesis of PEDV.
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