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Porcine epidemic diarrhea virus (PEDV) causes an
acute enteritis in pigs of all ages, often fatality for
neonates. PEDV occupies an intermediate position
between two well characterized members of the
coronavirus group |, human coronavirus (HCoV-229E)
and transmissible gastroenteritis virus (TGEV) which
uses aminopeptidase N (APN), a 150 kDa protein, astheir
receptors. However, the receptor of the PEDV has not
been identified yet. A virus overlay protein binding assay
(VOPBA) was used to identify PEDV binding protein in
permissive cells. The binding ability of PEDV to porcine
APN (pAPN) and the effects of pAPN on infectivity of
PEDV in Vero cells were also investigated. VOPBA
identified a 150 kDa protein, as a putative PEDV receptor
in enterocytes and swine testicle (ST) cells. Further the
PEDV binding to pAPN was blocked by anti-pAPN and
pAPN enhanced PEDV infectivity in Vero cells. In
conclusion, these results suggested that pAPN may act as
areceptor of PEDV.
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Porcine epidemic diarrhea virus (PEDV), a member of
the family Coronaviridae is an enveloped and single-
stranded RNA virus [10]. It causes severe diarrheain pigs,
especidly in newborn pigs. PEDV and transmissible
gastroenteritis virus (TGEV) are not serologically related
to each other, though both infect digestive tract and induce
very similar clinical signs[5].

Several members of coronavirus serogroup I, including
human coronavirus (HCoV-229E), TGEV, and feline
infectious peritonitis virus (FIPV), use aminopeptidase N
(APN) as their cellular receptor [6,7]. The highest APN
activity is detected in the brush border membrane of the
enterocytes and the renal proximal tubule cells [6].
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Previously the sequencing of the M, sM, ORF3 and N gene
of CV777 strain of PEDV was completed. The S, M, sM,
ORF3 and N genes of a British strain of PEDV also been
sequenced [3,8,9]. These data indicated that PEDV
occupies an intermediate position between two well
characterized members of the group I coronavirus, HCoV-
229E and TGEV. Both HCoV-229E and TGEV use APN
as their receptor [7,11].

A virus overlay protein binding assay (VOPBA) was
used for identifying the putative cellular receptor in severa
viruses [14]. And Schenten et al. reported that the soluble
form receptor could enhance the infection of HIV (human
immunodeficiency virus) [26].

The objectives of this study were to identify a cellular
receptor in permissive cells usng VOPBA and to
determine whether the PEDV infectivity would be
enhanced by soluble porcine APN treatment on Vero cells.

The continuous Vero cdl line (ATCC, CCL-81) was
regularly maintained in o-MEM (minimal essentia
medium) supplemented with 5% fetal bovine serum (FBS),
and 2% antibiotic-antimycotic agent mixture (penicillin,
10,000 IU/ml;  streptomycin, 10,000 ug/ml;  and
amphotericin B, 25 ug/ml; Invitrogen, Grand Idand, N.Y.).
PEDV strain KPEDV-9 which was used for this study has
been endorsed to the Green Cross Veterinary Product Co.,
Ltd. (Suwon, Korea) for manufacturing PEDV live vaccine
by the Nationa Veterinary Research and Quarantine
Service (Anyang, Korea). KPEDV-9 was propagated in
Vero cells with virus replication medium (VM), o-MEM
supplemented 0.02% vyeast extract, 0.3% tryptose
phosphate broth and 2 ug of trypsin (T-VM), as described
previously [22]. And KPEDV-9 was propagated in Vero
cells with VM containing pAPN (A-VM) instead of
trypsin. ST (swine testicle) and PK-15 (porcine kidney)
cells were grown in MEM supplemented with 5% FBS,
and 2% antibiotic-antimycotic agent mixture. TGEV,
Pyungtak 45 strain was cultured in ST cdlls.

The monoclonal antibodies for virus overlay protein
binding assay (VOPBA) of TGEV and PEDV (S protein)
were provided by the National Veterinary Research and
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Quarantine Service, Anyang, Korea. Polyclonal antibody
to PEDV was prepared in rabbits using KPEDV-9 strain
[22]. Anti-pAPN monoclonal antibody was kindly
provided from Dr. Delmas (INRA, France). For the assay
of blocking of PEDV binding to pAPN, anti-pAPN
polyclonal antibody was prepared in rabbits using pAPN
emulsified with Freund’s adjuvant.

The method of Kesdler [17] was used to prepare the brush
border membrane. In brief, the smdl intestines of 10 days
old piglets were collected and rinsed 7 times with cold
saline. Mucosa was removed from the tissue by gentle
scraping with the edge of dide glass. The tissue was placed
in a volume (9 ml) equivalent to three times the weight of
tissue (3g) of mannitol buffer (2mM TrissHCI, 50 mM
mannitol, leupeptin (1 ug/ml), pepstatin A (0.7 ug/ml),
trypsin inhibitor (25 ug/ml), and 0.1 mM
phenylmethanesulfonyl fluoride (PMSF)). The tissue was
homogenized and diluted with five volumes of mannitol
buffer (50 mM, pH 5.6) and homogenized once again. The
final homogenate was incubated for 20 min on ice in the
presence of 10 mM MgCl, and then centrifuged at 3,000 x g
for 15 min. The supernatant was collected and centrifuged
for 30 min a 27,000 x g. The pellet, representing the crude
brush border membrane, was washed once by using the
mannitol buffer and stored at —20°C until use. Porcine APN
(PAPN) was purchased from Sigma (USA). The powder
form of pAPN was rehydrated and diluted to optimal
concentrations for each experiment with phosphate buffered
sdline (PBS, pH 7.4) for each experiment. All protein
quantifications were performed by using BCA protein assay
kit (Pierce, USA) according to the manufacturer's
instruction.

To identify cellular proteins involved in PEDV binding,
VOPBA was carried out. In brief, membrane proteins of
cells were separated by SDS- PAGE. Cellular membranes
of porcine brush border, ST, Vero, and PK-15 cells were
boiled in 4X nonreducing sample buffer (4% sodium
dodecy! sulfate, 10% glycerol, 0.625 M Tris-HCI, pH 6.8)
and loaded on 85% polyacrylamide geds. After
eectrophoresis, the proteins were transferred onto a
polyvinylidene difluoride membrane (PVDF, Nen Life
Science, USA) at 45V for 17 hours a 4°C in a buffer
containing 25 mM Tris, 192 mM glycine, and 20% (v/v)
methanol. Nonspecific binding sites were blocked by
incubating the membrane in PBS containing 5% skim
milk, 1% bovine serum abumin, and 0.05% Tween 20 for
1 h. The membranes were incubated for 1 h with PEDV
(10°° TCID,/ml) or MEM, as a negative control,
containing 20 mM HEPES (N-2-hydroxyethyl-piperazine-
N'-2-ethane-sulfonic acid) and 0.2% (w/v) sodium
bicarbonate. The PVDF membrane was washed three
timesfor 5 min each with PBS containing 0.05% Tween 20
(PBST), and incubated with normal mouse serum or
PEDV monoclona antibody. After washing three times

with PBST, horse-peroxidase labeled goat anti-mouse
IgGs (KPL, USA), diluted to 1:5,000 in PBST, were
added and incubated for 1h at 37°C. Findly, substrate
(ECL Western blotting detection reagents, Amersham,
USA) was added. Developing was performed on the ECL
film (Amersham, USA). As a control, VOPBA of TGEV
was performed in porcine enterocytes using the same
method as VOPBA of PEDV.

To detect the binding of PEDV to pAPN, direct virus-
binding studies were carried out by enzyme linked
immunosorbent assay (ELISA). A micro-ELISA plate
(Nalge Nunc International, USA) was coated with 0.5 ug
of pAPN per well in carbonate-bicarbonate buffer (pH
9.6). After overnight incubation at 4°C, it was washed 5
times with PBST. Blocking step was done using 3%
gelatin in PBST. After washing, 10-fold seria diluted
PEDV infected cell lysate (10°° TCID./0.1 ml) or mock
infected cell lysate with PBST was added in 100l
volumes, and incubated for 60 min at 37°C. Before the
binding assay, PEDV and mock infected medium had been
centrifuged 12,000 x g for 30 min to remove cell debris.
The plates were washed and subsequently incubated with
100 ul of 1:50 diluted PEDV monoclona antibody at
37°C for 60 min. The plates were washed and further
incubated with 100 ul of horse-peroxidase labeled goat
anti-mouse 1gGs (KPL, USA) for 60 min. After washing
the plate, ABTS substrate (2 mM 2,2-azino-di-3-ethyl-
benzthiazole-sulfonate in 20 mM acetate (pH 4.2) plus 2.5
mM H,0,) solution was added and incubated for 20 min at
room temperature. The reactions were stopped using 0.5 M
H,S0, and optical density was measured at 405 nm.

To test blocking activity of anti-pAPN for binding of
PEDV to pAPN, pAPN coated plates were incubated with
10-fold serially diluted rabbit anti-pAPN polyclonal
antibody or with normal rabbit serum for 60 min at 37°C.
The remaining steps of the ELISA test were carried out as
described above.

The effects of pAPN on PEDV replication were
investigated in Vero cells. KPEDV-9 infected Vero cells
were grown with A-VM in an experiment |. Vero cells
were pretreated with pAPN before PEDV inoculation in an
experiment I1. As controls, KPEDV-9 was propagated in T-
VM as described in a previous study [22].

In the experiment |, after inoculation with PEDV at a
dose of 10*’ TCID,, Vero cells were incubated in the A-
VM with pAPN concentrations ranging 0.024 pg/ml to 2.4
pg/ml. In the experiment Il, Vero cell cultures were
pretreated with pAPN at the concentrations ranging from
10 ng/ml to 1 mg/ml for 1, 2, or 3h at 37°C. The cultures
were washed three times with PBS and inoculated with
PEDV at a dose of 10*’ TCID,,. After adsorption at 37°C
for 1 h, the cultures were washed three times with PBS and
fed with VM. Virus showing 80% cytopathic effect (CPE)
in both experiments was harvested and titrated.



(a)

To define the effects of pAPN in Vero cells, one-step
growth curve of PEDV was carried out as described
previoudy [15]. In an experiment IlI, the monolayered
Vero cdlsin 6 well multiplates (Falcon, N.J., USA) were
washed with PBS and inoculated with 1 ml of PEDV (10°°
TCID,/ml) for 1 hat 37°C. After infection with PEDV into
Vero cells, the cells were incubated with A-VM containing
2.4 pg/ml of pAPN.

In an experiment 1V, the confluent monolayers of Vero
cells were washed with PBS and treated with 10 pg/ml of
PAPN for 1 h. After washing with PBS, Vero cells were
inoculated with 1ml of PEDV (10*° TCID,/), and
adsorbed for 1h a 37°C. After adsorption, monolayers
were washed twice with PBS and incubated with 2 ml of
VM without trypsin. As a control, T-VM was added to the
plates which did not pretreat with pAPN.

All cell cultures were incubated at 37°C for 0, 2, 4, 6, 8,
10, 12, 15, 18, 24, 48 and 72 h. At the end of each
incubation period, the media were harvested, centrifuged
at 1,500 rpm for 10 min, and supernatants were stored at
4°C for the titration of extracellular (EC) PEDV. For
intracellular (IC) virus, the cell pellets were resuspended in
2 ml of fresh VM. Cells still adhering to the bottom of the
plate were washed twice with fresh VM, scraped off with a
cell scraper (Costar, USA), then frozen and thawed three
times to release IC virus particles. The ensuing suspension
was clarified by centrifugation and titrated.

The virus titration was carried out a the 96 well
microplate using Vero cells as described previoudy [21].
PEDV propagated with VM, A-VM or T-VM was diluted
to serial ten-folds with VM. Confluent Vero cells were
washed three times with PBS and inoculated with 0.1 ml
inoculum into 5 wells each. Following adsorption for 1 h at
37°C, the inocula were removed and the monolayers were
washed three times with PBS. Then, 0.1 ml of T-VM was
added to each well and the cultures were incubated for 5
days a 37°C. Fifty % tissue culture infective doses
(TCID,,) were expressed as the reciprocals of the highest
virus dilution showing CPE.
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Fig. 1. Virus overlay protein binding assay. (@) TGEV using monoclonal antibody. Lane 1,2 porcine enterocytes, Lane 3-ST cells, Lane
4-Vero cells, Lane 5-negative control. (b) PEDV using monoclonal antibody. Lane 1,2-porcine enterocytes, Lane 3-Vero cells, Lane 4-
ST cdlls, Lane 5, 6-negative control. (c) PEDV using polyclonal antibody. Lane 1-negative control, Lane 2-Vero cells, Lane 3,4-ST
cells, Lane 5,6-porcine enterocyte.

The PEDV binding protein was detected in porcine
enterocytes and ST cells. Interestingly, PEDV bound to a
150 kDa protein in porcine enterocyte. However, PEDV
binding to a 66 kDa band was more dominant rather than
that to a 150 kDa band in ST cells. No PEDV binding
proteins were detected in Vero cells (Fig. 1).

As a positive control in the VOPBA, a receptor of TGEV
was detected. The 150 kDa TGEV-specific binding protein
was identified in porcine enterocytes and ST cells by using
TGEV monoclonal antibody.

A series of virus-binding studies was performed to
characterize the receptor-ligand interactions of KPEDV-9.
The amount of pAPN-bound virus was determined directly
by measuring the optical density. Data from absorbance
showed that the binding of KPEDV-9 to pAPN was dose-
dependent and increased to 10™ TCID,/0.1 ml at 0.5 ng of
pAPN concentration (Fig. 2). However, the saturation of
PEDV binding was not reached under the condition
employed. Mock infected media was not bound to pAPN.
The binding of PEDV to pAPN could be blocked by rabbit
anti-pAPN polyclonal antibody up to 1:10,000 dilutions in
ELISA.

After treatment of soluble pAPN and trypsin, each virus
was harvested when the 80% CPE was observed. PEDV
was proliferated significantly by addition of soluble
pAPN.

In the experiment |, infectious titers of PEDV grown in
A-VM ranged from 10>* TCID,;/0.1 ml at 2.4~0.024 pg/ml
of pAPN concentrations. The maximum PEDV titer was
10** TCID,/0.1 ml in the A-VM at 2.4 pg/ml of pAPN
concentration. As controls, the titers of PEDV were 10*
TCID,/0.1ml in T-VM, and 10"° TCID,/0.1ml in VM
without trypsin and pAPN (Fig. 3).

In the experiment II, the harvested PEDV grown in
pAPN pretreated Vero cells ranged 10*""° TCID,,/0.1 ml
according to the concentration of pAPN. However, PEDV
grown in T-VM was 10" TCID,/0.1 ml. The titer of
PEDV cultured in VM without trypsin was 10> TCID,,/
0.1 ml in Vero cells which was not pretreated with pAPN.
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Fig. 2. PEDV binding activity to pAPN in ELISA. The micro-
ELISA plate was coated at 0.5ng of pAPN concentration per
well. (a) Binding activities between PEDV and pAPN. The titer
of PEDV-infected cell lysate was 10°° TCID./0.1ml. (b)
Blocking of PEDV binding to pAPN by an anti-pAPN antibody.

The maximum PEDYV titer was obtained with 10>’ TCID,,/
0.1 ml at 10 pg/ml concentration of pAPN on Vero cell
before PEDV inoculation. The best time of pAPN
treatment was determined with 1 h at the concentration of
pAPN employed (Fig. 4).

The virus growth patterns were very similar in both
experiments. In the experiment III, PEDV was cultured
with pAPN (2.4 pg/ml) simultaneously in VM. The
replication kinetics is illustrated in Fig. 5. Intracellular (IC)
PEDV growth patterns were very similar to those of A-
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Fig. 3. PEDV infectivity in Vero cdl cultured with pAPN
simultaneoudly (Experiment 1). The vira titers of PEDV were
described in Mean +S.D.

VM and T-VM. From six h after adsorption, the amount of
IC PEDV began to increase and reached the peak between
24 and 48 h. The extracelluar (EC) PEDV was released
into media from 6 h after adsorption and peaked at 48 h in
A-VM. In T-VM, however, the EC PEDV was released
from 8 h and peaked at 48 h. The titer trends of EC PEDV
were different during all incubation times. The virus yield
of EC in A-VM (10 TCID,,/0.1 ml) was higher as much
as 10" folds than that in T-VM (10~ TCID,,/0.1 ml) at 48 h
after adsorption.

In the experiment IV, Vero cells were pretreated with
pAPN (10 pug/ml) for 1 h before PEDV adsorption. The
virus growth kinetics is illustrated in Fig. 5. From 4 h after
adsorption, the amount of IC PEDV began to increase and
reached the peak at 48 h. The EC PEDV was released into
media from 6 h after adsorption and peaked at 48 h in

M 1 hour pretreatment before inoculation
2 hours pretreatment before inoculation
E13 hours pretreatment before inoculation

Trypsin No
try psin+No
PAPN

PAPN concentration (10" ug/ml)

Fig. 4. PEDV infectivity in Vero cell pretreated with pAPN before inoculation (Experiment I1). PEDV was cultured in virus replication

medium without trypsin in pAPN pretreatment group.
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Fig. 5. One-step growth curve of PEDV cultured in Vero cells
pretreated with pAPN before inoculation (Experiment 1V) and
inoculated with pAPN (Experiment I11). EC: Extracellular PEDV,
IC: Intracellular PEDV, A-VM: Virus replication medium with
pAPN, T-VM: Virus replication medium with trypsin, pre
pretreated with pAPN before inoculation.

pAPN treatment. In T-VM, however, the EC PEDV was
released from 8 h and peaked at 48 h. The titer trends of
EC PEDV were different during the all incubation times.
The virus yield of EC in pAPN treatment (10" TCID,/
0.1 ml) was higher as much as 10" folds than that in T-VM
(10™ TCID,,/0.1 ml) at 48 h after adsorption. Moreover,
the titer of EC PEDV cultured in VM was higher
compared to that of EC PEDV cultured in T-VM.

The PEDV replicates in enterocytes of suckling pigs and
causes ultrastructural changes mainly in the cytoplasm of
enterocytes [16]. Using VOPBA, the authors identified a
150 kDa binding protein of PEDV in porcine enterocytes
and the PEDV binding to pAPN could be demonstrated by
ELISA using PEDV monoclonal antibody. In addition, this
binding could be blocked by anti-pAPN antibody.

In a similar disease, pAPN is known as receptor for
TGEV. APN is an 150kDa ectoenzyme which is
abundantly expressed a the apicad membrane of the
enterocytes. There wereincreasing evidencesthat APN isa
common receptor for coronavirus group | [6,29].
Interestingly, feline APN (fAPN) acts as a common
receptor for coronavirus in group |, whereas human and
porcine APN glycoproteins serve only for human and
porcine coronaviruses, respectively [29]. These facts lead
to the speculation that PEDV may gain entry into the
enterocytes through APN which is an 150kDa
ectoenzyme. But because of the lack of permissiveness of
the APN-expressing porcine cell lines, it has been very
difficult to confirm the receptor of PEDV. One of the most
convincing methods of receptor identification is to
transfect a putative receptor gene into a cdl line
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(nonpermissive cell line) to which the virus can not bind
and demongtrate that the cell acquires the ability to bind
virus and be infected through it. Another method, such as
VOPBA, has aso been used to identify receptor [2]. By
using this method, the APN was identified as the receptor
of TGEV [7]. By using VOPBA, a binding protein of
PEDV was identified in porcine enterocytes and ST cells.
In addition, APN was detected in ST cells and porcine
enterocytes (not in Vero cells) by anti-APN monoclonal
antibody (Data not shown). These results suggested that
VOPBA was a useful screening procedure for identifying a
virus receptor. A similar assay had been used successfully
to identify putative receptors for several viruses including
reovirus, Sendai virus, MHV-A59, Theiler's murine
encephalomyelitis virus, echovirus, and cytomegalovirus
[1,2,4,13,19,24,28,30]. The proteins of cells or their
membranes were separated by SDS-PAGE, blotted, and
overlaid with virus to determine whether virus could bind
to any of the separated proteins [14].

As a positive control of VOPBA, the 150 kDa specific
binding protein to TGEV was detected in porcine
enterocytes and ST cells. Also the authors could detect the
150 kDa binding protein specific to PEDV in porcine
enterocytes and about 66 kDa binding protein in ST cell.
The distinction of specific proteins of PEDV in enterocyte
and ST cells in size was supposed to alow the difference
of permissiveness. But, inability of PEDV to replicate in
ST cells suggests that there may be other factors required
for virus replication likewise in Vero cellsas well [31].

Although PEDV was replicated in Vero cell, the specific
binding proteinsto PEDV were impossible to be identified.
Therefore, at present, the replication of PEDV in Vero cell
could be explained as the following reasons. First, the
trypsin, added to virus replication media when PEDV is
cultured, may change the cell membrane so that the virus
can bind to the cell membrane. As other coronaviruses like
infectious bronchitis virus (IBV) and murine coronavirus,
proteolytic cleavage of peplomeric glycoproteins may play
an important role in the function of viral glycoprotein
[20,27]. This cleavageis required for the activation of cell-
fusing or neuraminidase activity [23]. Second, the
attachment of virus to cell receptor may not be the only
essential step for a virus to infect a target cell. In fact,
neurotropic murine coronavirus has undergone cell
receptor-independent infection [12]. This may suggest that
PEDV infection in Vero cells is probably not mediated by
an interaction between the virus and a relevant receptor.
Because Vero cdls are widely used to grow heterologous
viruses, it could be assumed that broad permission of virus
in Vero cellsis probably due to an intrinsic property of the
cells, and not due to the presence of a receptor.

In this study, the authors showed that binding of PEDV
to pAPN was dose-dependent and blocked by anti-pAPN
antibody. However, saturation of PEDV binding was not



274 JnSik Ohetal.

reached under the condition used because the virus titers
exceeding 10°° TCID,/0.1 ml could not prepare in PEDV
propagation. As a similar study, porcine reproductive and
respiratory syndrome virus (PRRSV) bound specificaly to
alveolar macrophage in a dose-dependent manner [25].

One step growth curve for PEDV showed that the virus,
which was cultured in Vero cell with simultaneous
treatment or pretreatment with APN, yields higher titers
than that in T-VM. Especially, in pAPN-pretreated Vero
cell, EC PEDV showed higher titers compared to that in T-
VM. However, there was no synergism with trypsin and
pAPN. Because soluble form of the HIV receptor CD4
could enhance the infection of cells by CD4-induced
fusogenic conformational changes of the envelope
glycoproteins [26], our data indicated that PEDV might
bind by means of pAPN and induced fusogenic
conformation for promoting infection in Vero cells of
PEDV. Another explanation of increased PEDV titer in
Vero cells treated with pAPN is that pAPN could play a
role as a cofactor for the replication of PEDV. In human
immunodeficiency virus infection, binding of the gp120
envelope glycoprotein to the CD4 receptor was not
sufficient in itself to allow virus entry, and additional
components in the membrane were required for cell
infection as a cofactor, serine protease named tryptase
TL2, in the membrane of CD4+ lymphocytes [18].

Conclusively, the authors demonstrated that PEDV
bound 150 kDa protein in enterocytes using VOPBA. The
PEDV binding to pAPN was blocked by anti-pAPN
antibody. It supports that soluble form of pAPN could
increase the virus yield in cell culture. These results might
suggest that pAPN plays an important role in infection and
replication of PEDV in enterocytes.
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