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Porcine epidemic diarrhea virus (PEDV) is a causative agent of porcine epidemic diarrhea; consequently,
the small intestine was believed to be its only target organ. In this study, we found that PEDV infected not
only the small intestines, but also the respiratory tract. Infection and replication of PEDV in the respira-
tory tract from naturally PEDV-infected piglets were examined by reverse transcription polymerase chain
reaction, immunohistochemistry, and virus re-isolation. Our observations were confirmed by experimen-
tal inoculation, and we found that PEDV infection in the respiratory tract was specifically associated with
alveolar macrophages in the lung. Vero cell-adapted PEDV was able to replicate in both primary alveolar
macrophages and continuous porcine alveolar macrophage cells. Sequencing analysis of the spike (S)
glycoprotein revealed that mutations in S might be a potential determinant of auxiliary targets for PEDV.
The discovery that PEDV infects and replicates in alveolar macrophages provides new insights into its
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pathogenesis.
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1. Introduction

Coronaviruses infect many animals, including humans, in a
species-specific manner. Most coronaviruses in farm animals cause
respiratory or gastrointestinal tract infections in young animals,
resulting in huge economic losses (Saif, 2004a,b; Stoddart et al.,
1988; Weiss and Navas-Martin, 2005). Several viruses in the fam-
ily coronaviridae infect pigs, including transmissible gastroenteritis
virus (TGEV), porcine respiratory coronavirus (PRCoV), porcine
hemagglutinating encephalitis virus, and porcine epidemic diar-
rhea virus (PEDV) (Cartwright et al., 1969; Greig et al., 1962). TGEV
mainly infects epithelial cells in the small intestine and causes
fatal enteritis in piglets (Enjuanes et al., 1995). Additionally, TGEV
replicates in porcine respiratory tract tissues but does not induce
primary respiratory disease (Kemeny et al., 1975; Saif, 2004a,b).
PRCoV, a spontaneously occurring variant of TGEV, replicates more
extensively in the respiratory tract without causing clinical signs
(Wesley et al., 1991). It has been reported that PRCoV replicates
in different types of lung cells, including alveolar, bronchiolar and

* Corresponding author at: #302 Animal Hospital Building, College of Veterinary
Medicine, Chungnam National University, Gungdong, Yuseong, Daejeon 305-764,
Republic of Korea. Tel.: +82 42 821 6760; fax: +82 42 825 2993.

E-mail address: shin0089@cnu.ac.kr (H.-J. Shin).

http://dx.doi.org/10.1016/j.virusres.2014.07.038
0168-1702/© 2014 Elsevier B.V. All rights reserved.

bronchial epithelial cells and in bronchoalveolar macrophages, but
not in enterocytes (Cox et al., 1990).

PEDV is one of the major etiological agents of seasonal acute
diarrhea in piglets (Debouck and Pensaert, 1980). The pathology
following PEDV infection resembles that of TGEV, which is mainly
characterized by acute watery diarrhea and dehydration in suck-
ling piglets (Hess et al., 1980; Pensaert et al., 1981; Takahashi et al.,
1983). Based on these symptoms, the enterocytes have largely
been thought of as the target cells of PEDV infection. Indeed,
experimental infection with the prototype strain CV777 showed
that replication in epithelial cells covering small and large intesti-
nal villi resulted in villous atrophy, malabsorption and diarrhea
(Debouck and Pensaert, 1980). Similarly, Korean strains of PEDV
caused severe villous atrophy in the duodenum, jejunum and
ileum of experimentally infected pigs (Kim and Chae, 2000, 2003).
Replication was mainly localized in the cytoplasm of villous epithe-
lial cells of the small intestine and colon (Sueyoshi et al., 1995).
Microscopically, marked cytoplasmic vacuolation and exfoliation
of enterocytes with subsequent considerable shortening and fusion
of villi were observed (Coussement et al., 1982; Pospischil et al.,
1981). However, according to immunohistochemistry (IHC) results
reported by Lee et al., PEDV antigens were detected not only in the
cytoplasm of the villous enterocytes but also in macrophages that
had infiltrated the lamina propria (Lee et al., 2000). PEDV infection
in macrophages may reflect the possibility of widespread pathology
or the presence of extra-gastrointestinal infection and replication,
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as observed in other species infected with coronaviruses (Gu et al.,
2005). Most recent studies on the pathogenesis of PEDV have been
limited to partial autopsies of the gastrointestinal tract. Therefore,
a comprehensive approach to identify pathogenesis in different
organs or cell types was needed.

In this study, we used histological and molecular approaches
to acquire a better understanding of PEDV pathogenesis. The pres-
ence of PEDV genome and antigens in both the small intestines and
respiratory tracts of PEDV-infected piglets suggests that, in addi-
tion to the small intestine, the porcine respiratory tract could also
be a replication site for PEDV.

2. Materials and methods
2.1. Cells and viruses

African green monkey kidney cells (Vero, CCL-81) were pre-
pared in minimum essential medium (MEM, Gibco-BRL, Grand
Island, NY, USA) supplemented with 10% fetal bovine serum (FBS,
Gibco-BRL). 3D4 cells are a porcine monomyeloid cell line, which
was established following transfection of primary porcine alve-
olar macrophage cultures with plasmid pSV3neo carrying genes
for neomycin resistance and SV40 large T antigen (Weingartl
et al., 2002). 3D4 cells were maintained in RPMI 1640 (Gibco-BRL)
supplemented with 10% FBS, 10 mM HEPES (Gibco-BRL), 1.0 mM
sodium pyruvate (Gibco-BRL) and 0.1 mM nonessential amino acids
(Gibco-BRL) (Weingartl et al., 2002). PK-15 and MARC-145 cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM, Gibco-
BRL) supplemented with 10% FBS. All cells were incubated in a
humidified incubator at 37 °C with 5% CO,.

The Korean Vero cell-adapted PEDV isolates, KPEDV-9 and
SM98LVec, were propagated as described previously (Hofmann and
Wyler, 1988). Briefly, Vero cells were inoculated with virus ata mul-
tiplicity of infection (m.o.i.) of 1 and cultured in serum-free MEM for
48 h at 37 °C with 5% CO,. The progeny virions were titrated using
the TCID5¢ method. CSFV (LOM strain) and PRRSV (VR-2332 strain)
were propagated in PK-15 cells and MARC-145 cells, respectively.

2.2. RT-PCR and sequence comparison

Clinical samples were obtained from piglets in the Chungman
province that were exhibiting watery diarrhea and were screened
by RT-PCR. Viral RNA was extracted from tissue homogenates
using the Viral gene-spin viral DNA/RNA extraction kit (iNtRON
Biotechnology, Sungnam, Korea) following the manufacturer’s
instructions. For first-strand cDNA synthesis, M-MLYV reverse trans-
criptase (iNtRON Biotechnology, Korea) was used along with 10 .l
of extracted viral RNA in a 50 pl randomly primed reaction. To
exclude possible infection by other swine enteric viruses, specific
primer sets were used for the detection of PEDV, TGEV and rotavirus
(Song et al., 2006).

The specific primers used for the sequencing analysis of
spike (S) protein were PEDV-S forward (GTGATGTTGTGTTAG-
GCTTGTTGAAG, 20541-20566) and PEDV-S reverse (CATCACT-
GCACGTGGACCTTTTC, 24769-24791). RT-PCR was performed at
94°C for 2 min, followed by 40 cycles of 94°C for 20s, 54°C for
10s, 72 °C for 4 min, and a final extension was performed at 72°C
for 10 min. Amplified products were purified using the PCR clean-
up kit following the manufacturer’s instructions (GeneAll, Seoul,
Korea) and sequenced. The nucleotide and deduced amino acid
sequences of S protein were compared with those from pub-
lished reference strains; CV777 (NC003436), DR13 (DQ462404),
JS-2004-2 (AY654204), Chinju99 (AY167585), and KNU-0901
(GU180144). The multiple-sequencing alignments were generated
using the MultAlin (http://multalin.toulouse.inra.fr) program, and

similarities between nucleotide sequences were further assessed
using the same software.

2.3. Experimental inoculation

With permission (permission number 20110345) and following
the protocols approved by the Institutional Animal Care and Ethnic
in Chungnam National University (CNU), Korea, all animals were
cared for and experiments were performed in the animal facility
at CNU. Healthy 3-day old colostrum-free piglets were inoculated
orally with 2 ml of tissue homogenates from PVED infected animals
or KPEDV-9. Controls were inoculated with phosphate buffered
saline (PBS, pH 7.2). All piglets were examined daily for clinical
signs such as diarrhea, anorexia, weight loss, vomiting, and dehy-
dration. At 72 hpi, all piglets were euthanized and tissue samples
processed for histological and molecular analysis.

2.4. Tissue sampling and histopathology

After the piglets were euthanized, necropsies were performed.
Small intestines, lungs, livers, kidneys, and spleens were collected
and each divided into two parts. For histological studies, tissue
specimens were fixed in 10% (w/v) buffered formaldehyde for 48 h,
and embedded in paraffin according to standard laboratory proce-
dures. For virus re-isolation, tissue specimens were homogenized
in PBS containing protease inhibitors (Sigma) using Tissue Lyser Il
homogenizer (Qiagen).

For histopathologic studies, sections were prepared from each
of the formalin-fixed, paraffin-embedded tissues. These sections
were deparaffinized in xylene and rehydrated through graded alco-
hols. Antigen retrieval was performed in retrieval buffer (pH 6)
using a pressure boiler as a heat source. The endogenous peroxi-
dase was quenched by treating sections with 3% H,0, in methanol
for 30 min. All slides were incubated with 2% skim milk for 30 min
at room temperature (RT) to saturate nonspecific protein-binding
sites and then incubated with primary antibodies overnight at 4°C.
Mouse polyclonal anti-PEDV, which was obtained by immuniz-
ing mice with KPEDV-9, was used as the primary antibody. After
three washes with PBS, sections were incubated for 30 min with
biotinylated horse anti-mouse IgG diluted 1:200 in PBS. These were
washed 4 times with PBS and incubated for 30 min with alka-
line phosphatase-conjugated streptavidin. The slides were then
washed 4 times with PBS and processed by immersing sections
in 3,3’-diaminobenzidine substrate solution (Vector Laboratories,
Burlingame, CA) at RT. Sections from all tissues were also stained
with hematoxylin and eosin for histopathological examination.

2.5. Virus re-isolation

Tissue homogenates from PEDV-infected piglets were cen-
trifuged and the resulting supernatant was used for virus isolation.
Each sample resulting from these tissue homogenates was diluted
(1:100 for small intestinal samples, 1:5 for other organ samples) in
MEM containing 10 pg/ml of trypsin and added to a Vero cell mono-
layer and incubated for 1h. After adsorption, cells were washed
twice with PBS and then incubated in MEM containing 10 p.g/ml of
trypsin at 37 °C for 48 h. PEDV-infected cells were confirmed by an
indirect immunofluorescence assay using mouse polyclonal anti-
PEDV antibody. Cells were stained with Texas red-conjugated goat
anti-mouse IgG and observed under a fluorescence microscope.

2.6. Susceptibility of porcine alveolar macrophages to PEDV
3D4 cells were seeded in 96-well Plates 24 h prior to infection

with PEDV (KPEDV-9 strain), CSFV (LOM strain) or PRRSV (VR-2332
strain) at a MOI of 1. After virus adsorption, the inoculums were
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Table 1
RT-PCR analysis of different organ samples obtained from naturally PEDV-infected
piglets.

Table 2
RT-PCR analysis of different organ samples obtained from CNU-091222-01-,
KPEDV9- or PBS-inoculated piglets.

Intestines Lungs Liver Kidneys Spleen Inoculum Intestine Lung Liver Kidney Spleen
CNU-091222-01 + + + + + PBS _ _ _
CNU-091222-02 + - - + + KPEDV-9? + _ _ + +
CNU-091222-03 + - - - - CNU-091222-01P + + — + +
CNU-091222-04 + - - — _

removed and the cells washed twice with RPMI and incubated
for 5 days at 37°C. At the indicated time points, cells were fixed
for immunostaining and progeny virions in the supernatants were
titrated using the TCIDsg method.

Porcine primary alveolar macrophages were isolated from
healthy piglets by bronchoalveolar lavage (BAL). Briefly, the trachea
was cannulated and the airways were filled with PBS. The fluid was
collected from the airways using gentle suction. The procedure was
repeated twice and the lavages were combined. Primary porcine
alveolar macrophages were separated from BAL fluid via centrifuge
at 1000 x g for 10 min. The isolated cells were cultured in RPMI 1640
containing 20% FBS for 24 h. After cells stabilized and became con-
fluent, they were inoculated with PEDV. After virus adsorption, the
inoculums were removed and the cells washed twice with PBS and
incubated for 5 days at 37 °C in RPMI 1640. At 48 hpi, cells were col-
lected for viral RNA extraction and virus infection was confirmed
by RT-PCR.

For a kinetic assay, Vero and 3D4 cells were inoculated with dif-
ferent Vero cell-adapted strains of PEDV (KPEDV-9 and SM98LVec
with m.o.i. 1). Two hours later, the cells were washed twice with PBS
and incubated at 37 °C. At the indicated time points, supernatants
were collected and titrated for progeny virions using the TCIDsq
method. At 24 hpi, infected cells were fixed with 5% paraformalde-
hyde and stained with mouse polyclonal anti-PEDV.

2.7. Immunocytochemistry

Cells were fixed with 5% paraformaldehyde for 5 min and per-
meabilized with 1% NP40. Following three washes with PBS, cells
were incubated with antisera specific for PEDV, CSFV, or PRRSV for
1 h. Cells were washed 3 times with PBS and then incubated with a
1:1000 dilution of goat anti-mouse IgG conjugated with Texas red.
Immunostained cells were observed under a fluorescence micro-
scope (Zeiss, Oberkochen, Germany).

3. Results
3.1. Confirmation of wild-type PEDV infection in piglets

Piglets were scarified upon the development of watery diar-
rhea, which is a major clinical sign for PEDV infection. For PEDV
screening, RNA was extracted from fecal samples and reverse
transcription polymerase chain reaction (RT-PCR) targeting the
nucleocapsid gene of PEDV was performed. To exclude possible
infection by other swine enteric viruses, we also performed PCR
targeting TGEV and porcine rotavirus. Of the four piglets tested, all
four were positive for PEDV, but were negative for the other porcine
enteric pathogens (data not shown).

It has been reported that Vero cell-adapted PEDV only infects
villous epithelial cells in the small intestine in vivo (Kim and Chae,
2000, 2003). To evaluate which organs are affected by natural wild-
type PEDV infection, we collected various organs (lungs, livers,
kidneys, and spleens) including the small intestines and confirmed
PEDV by RT-PCR. Surprisingly, PEDV infection was detected not
only in the small intestine, but also in the lung, liver, and kid-
ney from one of the four piglets we tested (Table 1). To evaluate

2 Vero cell-adapted PEDV.
b PEDV-infected tissue homogenates.

tissue damage, we stained sections with hematoxylin and eosin,
and to detect PEDV antigens we performed IHC on these tissue sam-
ples. As shown in Fig. 1A, severe histopathological changes were
observed in the small intestine, including villous atrophy, exten-
sive vacuolation, and flattening of the villous enterocytes. Since the
small intestines were severely damaged, most PEDV-positive cells
were already detached and found in the lumen while PEDV was
detected in a few enterocytes in the intestinal villi (Fig. 1F). Inter-
estingly, PEDV was also detected in lung tissue by IHC, mostly in the
mixed gland and epithelial cells, but not in the alveolar respiratory
bronchiole (Fig. 1G). Despite this, we were unable to find significant
pathological changes in the lung (Fig. 1B and G). Samples from the
liver, kidney, and spleen were negative for PEDV as evaluated by
[HC, and we were unable to find significant pathological changes
(Fig. 1C, D, E, H, I, and J). Together, the results from RT-PCR and his-
tology suggest that PEDV can replicate not only in the intestine but
also in the lung.

3.2. PEDVisolation from the small intestine and alveolar
macrophages

To confirm our observations from piglets that had been natu-
rally infected with wild-type PEDV, we experimentally inoculated
colostrum-free piglets with wild-type PEDV and monitored their
pathology. Since it is difficult to isolate wild-type PEDV from
infected piglets, we used intestinal tissue homogenates from
infected piglets as inoculums. To compare pathologic differences
between wild-type PEDV and Vero cell-adapted PEDV, one group
was inoculated with tissue homogenates from those naturally
infected piglets, another with the Vero cell-adapted KPEDV-9
strain as the positive control, and the last with PBS as the nega-
tive control. Typical clinical signs of PEDV-infected piglets, such
as watery diarrhea, were observed in both the homogenate and
KPEDV-9 inoculated groups at 3 days post-inoculation. As shown
in Table 2, the RT-PCR results testing for PEDV were positive in
the small intestines, kidneys, and spleens from both KPEDV-9
and homogenate inoculated piglets. Lung samples obtained from
homogenate inoculated piglets, but not from KPEDV-9 or PBS inoc-
ulated piglets, were positive when tested by RT-PCR.

To confirm the RT-PCR results, we performed an immunohisto-
logical analysis of the small intestines and lungs (Fig. 2). In the small
intestine, the highest level of PEDV was found in entire intestinal
villi epithelial cells (Fig. 2B and C). Highly increased cellularity was
observed in the lung, possibly owing to the infiltration of inflamma-
tory cells (Fig. 2E). As shown in Fig. 2H, morphologically identical
lymphocytes and macrophages were found in the alveolar inter-
stitium, and PEDV was detected in mixed glands in the bronchus
and alveoli. This pattern was similar to our findings from naturally
infected piglets. With higher magnification, we were able to detect
PEDV in lung cells, predominantly in alveolar macrophages (arrows
in Fig. 2H). We were unable to detect PEDV in any of the liver, kidney
or spleen samples (Data not shown).

We re-isolated the virus from tissue homogenates from the
experimentally infected piglets. As shown in Fig. 3, wild-type PEDV
was isolated from Vero cells infected with homogenates made from
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Fig. 1. Pathological examination and IHC of samples from piglets naturally infected with PEDV. Samples from the small intestine, lung (bronchus and alveoli), liver, kidney

F-J) or normal mouse

(

and spleen stained with hematoxylin and eosin (HE) are shown in the left panel (A-E). Images from IHC with mouse polyclonal anti-PEDV antibody

serum (K-0) are shown in the middle and right panel, respectively. Arrows indicate PEDV-infected cells. Magnification: 100x.
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Fig. 2. IHC with mouse polyclonal anti-PEDV of samples from piglets inoculated with PEDV-infected tissue homogenates. Intestinal sections from the PBS-inoculated (A) and
homogenate-inoculated piglets (B and C) at 96 hpi. Lung sections from PBS-inoculated (D and F) and homogenate-inoculated piglets (G, E and H) at 96 hpi. Arrows indicate
PEDV-infected porcine alveolar macrophages. Magnification: C-E, 40x; A, B, F and G, 400x; H, 1000x.

A C

Fig. 3. PEDV isolation from intestines and alveolar macrophages. Vero cells were inoculated with small intestine homogenates (A) from PBS-inoculated piglets, or small
intestine homogenates (B) or alveolar macrophage homogenates (C) from wild-type PEDV-inoculated piglets. At 24 hpi, infected Vero cells were fixed and stained with mouse
polyclonal anti-PEDV. Scale bar =100 pm.
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the small intestines and from the alveolar macrophages of PEDV-
infected piglets, indicating that PEDV had infected and replicated
in both small intestine and alveolar macrophages. To the best of our
knowledge, this is the first time replication in alveolar macrophages
has been observed for PEDV and this may provide important new
insights into its pathogenesis.

3.3. Replication of PEDV in porcine alveolar macrophages

Previous data suggested that alveolar macrophages might be
a target cell type for PEDV infection in the respiratory tract.
For further confirmation of the susceptibility of porcine alveo-
lar macrophages to PEDV, 3D4 cells (continuous porcine alveolar
macrophages) were inoculated with KPEDV-9, classical swine fever
virus (CSFV, as positive control), or porcine respiratory and repro-
ductive syndrome virus (PRRSV, as negative control). At 24h
post-infection (hpi), progeny virions in cell-free supernatants were
titrated in susceptible cell lines (Vero cells for PEDV, PK15 cells
for CSFV, and MARC145 cells for PRRSV). We found that 3D4
cells supported KPEDV-9 replication; however, the susceptibil-
ity of 3D4 cells was much lower compared with that of Vero
cells, which showed a titer about 10-fold higher than 3D4 cells
(Fig. 4A). To determine whether primary alveolar macrophages are
susceptible to PEDV, primary porcine alveolar macrophages were
collected from piglets by lung lavage and inoculated with KPEDV-9
or SM98LVec. At 24 hpi, virus infection was assessed by RT-PCR. As
shown in Fig. 4B, both KPEDV-9 and SM98LVec inoculated primary
porcine alveolar macrophages were positive for PEDV.

Furthermore, we examined the growth kinetics of KPEDV-9 in
Vero cells and 3D4 cells. In Vero cells, the amount of KPEDV-9
increased continuously and gradually until reaching a titer of 107
TCIDsg (50% tissue culture infectious dose) around 48 hpi, which
slowly reduced afterwards (Fig. 4C). We were still able to detect
PEDV after 96 hpi. In 3D4 cells, the titer of KPEDV-9 increased
slightly, reaching 1034 TCIDso by 24 hpi. The titer was slowly
decreased by 48 hpi, and we were unable to detect any infec-
tious viruses after 48 hpi. A reduced infection in 3D4 cells was also
supported by the results of an immunofluorescence assay. The per-
centage of PEDV-infected cells was lower in 3D4 cells than in Vero
cells (Fig. 4D). Although the growth of PEDV is slower and peaks at
lower levels in 3D4 cell lines than in Vero cells, these findings con-
firm the susceptibility of porcine alveolar macrophages to PEDV,
and show that PEDV can successfully replicate in porcine alveolar
macrophages.

3.4. Comparison of PEDV spike (S) protein

The S protein of PEDV consists of an N-terminal domain and a
C-terminal domain. The N-terminal domain is responsible for viral
attachment. Itis also a major determinant that recognizes receptors
and affects tissue tropism. To determine the impact of S sequences
on PEDV tropism, S genes were amplified and compared with ref-
erence sequences. The sequence analysis showed that the S gene
consisted of 4161 nucleotides and 1386 amino acids. The similar-
ities among S proteins are described in Table 3. The S protein in
our sample shared high levels of identity with KNU-0901, which
was previously reported as Korean wild-type strain (95.0 and 94.2%
homology of nucleotide and amino acid sequences, respectively).
However, the similarity with other strains, including the reference
strain CV777, was relatively low and showed similarities ranging
from 93.9 to 94.0% and 91.9 to 92.9% identity in nucleotide and
amino acid sequences, respectively. As shown in Fig. 5, more muta-
tions were observed in the N-terminal portions of the S proteins.
New PEDV isolates were in different cluster from those published
as shown in Fig. 6.

Interestingly, all four sequenced S proteins showed similar
sequences although their RT-PCR results on different tissues were
similar but still bit different. These data indicate that the recent
Korean field isolate is genetically different from previously pub-
lished strains. It also suggests that mutations on S might affect
cellular tropism of wild-type PEDV, allowing a respiratory infection
in addition to infection of the small intestines. We still do not know
which mutation(s) are involved in changes in tropism. However,
further examination is required to confirm this hypothesis.

4. Discussion

The most obvious clinical symptom of PEDV infection in piglets
iswatery diarrhea, which has led to the belief that the target cells for
PEDV were limited to porcine enterocytes (Sueyoshi et al., 1995).
Until now, PEDV replication has not been reported in cells other
than those of the intestinal tract, with the exception of a few stud-
ies that have reported PEDV infection in macrophages as well as
enterocytes from the gastrointestinal tract (Lee et al., 2000). Here,
we evaluated the pathogenicity of new wild-type PEDV in compari-
son with Vero cell-adapted KPEDV-9. We found that new wild-type
PEDV, but not Vero cell adapted KPEDV-9 strain, can infect not only
small intestines but also the respiratory tract, especially porcine
alveolar macrophages. We are not so sure whether all the new PEDV
wild type has same activity or not and this findings could be limited
to this specific isolate. Further studies required with other isolates,
but there is big limitation on new isolation. Genetic analyses sug-
gest that the extra-intestinal tropism of wild-type PEDV might be
obtained by natural mutations on PEDV S.

As the author’s knowledge, this study is the first to demon-
strate the extra-intestinal tropism of wild-type PEDV in piglets. In
piglets naturally infected with wild-type PEDV, we observed that
PEDV is able to infect not only in the small intestine but also other
organs, including the lung. We further investigated this observa-
tion in piglets, which were experimentally inoculated with infected
tissue homogenates and compared with piglets inoculated with
Vero cell-adapted KPEDV-9. As with the piglets that were natu-
rally infected with wild-type PEDV, the virus was detected in both
small intestines and lungs of experimentally inoculated animals.
Additionally, we found that lung infection of PEDV was associated
with alveolar macrophages. These results indicate that PEDV repli-
cation in the lungs might be related to increased cellularity and
partially owing to infiltration of macrophages into the alveolar and
interalveolar septa.

For further confirmation of PEDV tropism in alveolar
macrophages, we tested whether porcine alveolar macrophages
were susceptible to PEDV. We found that both primary porcine
alveolar macrophages and 3D4 cells were susceptible to PEDV
and able to support PEDV replication. However, growth of Vero
cell-adapted PEDV in 3D4 cells was relatively slow and inefficient
compared with its growth in Vero cells. It is not clear why PEDV
was unable to replicate as successfully in 3D4 cells as it does
in Vero cells. Our sequencing results indicate that wild-type
PEDV has differences in the N-terminal domain of its S protein
sequences compared with other reference and Vero cell-adapted
strains of PEDV. We propose that the changes in amino acids in
the N-terminal domain may be involved in the observed tropism
changes, and thus Vero cell-adapted PEDV strains may have lost
their ability to infect alveolar macrophages. Similarly, PRCoV, a
deletion mutant of TGEV with deletion of nucleotides 621-681
in the S gene, is non-enteropathogenic and has a tropism for
respiratory epithelium and alveolar macrophages (Sanchez et al.,
1999). Although the growth curves and titers were different in
3D4 cells from those produced by infected Vero cells, the fact that
the virus was able to grow at all suggests that macrophages may
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Fig.4. PEDV infection in porcine alveolar macrophages. (A) The susceptibility of 3D4 cells to PEDV. The 3D4 cells were infected with PEDV, CSFV (LOM strain), and PRRSV (VR-
2332 strain), and progeny viruses were titrated in appropriate cell lines. Titers of 3 different swine viruses in the 3D4 cells (gray bar) were compared. For better understanding,
viral titer was also compared with those in known susceptible cells (black bar); Vero cells for PEDV, PK15 cells for CSFV, and MARC145 cells for PRRSV, respectively. (B)
The susceptibility of porcine primary alveolar macrophages to PEDV. Primary alveolar macrophages were collected and infected with Vero cell-adapted strains of PEDV and
then virus infectivity was evaluated by RT-PCR. (C) Viral growth kinetics in alveolar macrophage cell line. Vero and 3D4 cells were inoculated with KPEDV9 and progeny
viruses were titrated at the indicated time points. Vero (black circles) and 3D4 (white circles) cells were inoculated with Vero cell-adapted strains of PEDV and progeny
viruses were titrated at the indicated time points. In Vero cells, the amount of KPEDV-9 increased continuously and gradually until reaching a titer of 107 TCIDso around
48 hpi, which slowly reduced afterwards. In 3D4 cells, the titer of KPEDV-9 increased slightly, reaching 1034 TCIDso by 24 hpi. The titer was slowly decreased by 48 hpi, and
we were unable to detect any infectious viruses after 48 hpi. (D) Vero and 3D4 cells were inoculated with Vero cell adapted PEDVs (KPEDV9 or SM98LVec) in supplemented
with 10 pg/ml trypsin as indicated, and the cells were stained with mouse polyclonal anti-PEDV at 24 h after infection. Scale bar =100 wm. A reduced infection in 3D4 cells
was also supported by the results of an immunofluorescence assay. The percentage of PEDV-infected cells was lower in 3D4 cells than in Vero cells. We also compared CPE
formation with trypsin condition.
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CHU-091222-01 HKSLTYFHLFLPALSTLSLPQDYARCSANTHFRRFFSKFNYHAPAYVYLGGYLPTGENHGYNSTHYCAGQHPTASGYHGIFLSHIRGGHGFEIGISQEPFDPSGYOLYLHKATHGHTHATARLRICQFPS
CNU-091222-04  HKSLTYFHLFLPALSTLSLPQDYARCSANTHFRRFFSKFNYHAPAYYYLGGYLPTGENHGYNSTHYCAGQHPTASGYHGIFLSHIRGGHGFEIGISQEPFDPSGYOLYLHKATHGNTHATARLRICAFPS
CNU-091222-03 HKSLTYFHLFLPALSTLSLPQDYARCSANTHFRRFFSKFNYHAPAYYYLGGYLPTGENHGYNSTHYCAGQHPTASGYHGIFLSHIRGGHGFEIGISQEPFDPSGYOLYLHKATHGNTNATARLRICAFPS
CHU-091222-02 HKSLTYFHLFLPALSTLSLPQDYARCSANTHFRRFFSKFNYHAPAYVYLGGYLPTGENHGYNSTHYCAGQHPTASGYHGIFLSHIRGGHGFEIGISQEPFDPSGYOLYLHKATHGHTHATARLRICQFPS
PEDY_KNU-0901 HRSLTYFHLFLPYLPILSLPQDYYRCSANTHFRRFFSKFNYQAPAYYYLGGYLPSGETQAGSRPHYCAGRHPTASGYHGIFLSHIRGGHGFEIGISQEPFDPSGYOLYLHKATNGNTNATARLRICAFPS
PEDY_Chinju39 HRSLIYFLLFYPYLPTLSLPQDVYRCSANTNFRRFFSKFNVQAPAYVVLGGYLPSYK=-~~HAGHYCAADIQTASGYHGIFLSHIRGGHGFEIGISQEPFDPSGYOLYLHKATNGNTNATARLRICQFPS
PEDY_CV777 HRSLIYFHLLLPVLPTLSLPQDVTRCQSTTNFRRFFSKFNVQAPAYVVLGGYLPSHN: SSSHYCGTGIETASGYHGIFLSYIDSGQGFEIGISQEPFDPSGYQLYLHKATNGNTNAIARLRICQFPD
PEDV_DR13 HRSLIYFHLLLPVLPTLSLPQDVTRCQSTTHFRRFFSKFHVQAPAYYVYLGGYLPSHN SSSHYCGTGIETASGYHGIFLSYIDSGQGFEIGISQEPFDPSGYQLYLHKATNGNTHAIARLRICQFPD
Consensus  HrSLiYFuLf1PvLptLSLPQDY,RCsanTHFRRFFSKFNYQAPAYVYLGGYLPs. ..., .s5.HYCa, i, TASGYHGIFLShIrgGhGFEIGISQEPFDPSGYQLYLHKATNGNTNALARLRICQFPs
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CNU-091222-01 SKTLGPTANNDYVTTGRNCLFNKAIPAHHSE=--HSYYGITHDNDRYTVFSDKIYYFHFKNDHSRYATKCYNSGGCAHQYVYEPTYYHLNVTSAGEDGISYQPCTANCIGYAANVFATEPNGHIPEGFSFNN
CNU-091222-04  SKTLGPTANNDVTTGRNCLFNKAIPAHNSE=--HSYVGITHDNDRYTVFSDKIYYFHFKNDHSRYATKCYNSGGCAHQYVYEPTYYHLNVTSAGEDGISYQPCTANCIGYAANVFATEPNGHIPEGFSFNN
CNU-091222-03  SKTLGPTANNDVTTGRNCLFNKAIPAHNSE-~HSYVGITHDNDRYTVFSDKIYYFHFKNDHSRYATKCYNSGGCANQYVYEPTYYHLNYTSAGEDGISYQPCTANCIGYAANVFATEPNGHIPEGFSFNN
CNU-091222-02 SKTLGPTANNDVTTGRNCLFNKAIPAHNSE-~HSYVGITXDNDRYTYFADKIYYFHFKNDHSRYATKCYNSGGCAHQYVYEPTYYHLNYTSAGEDGISYQPCTANCIGYAANVFATEPNGHIPEGFSFNN
PEDY_KNU-0901 SKTLGPTANDDVTTGRNCLFNKAIPAHHSE--HSYYGITHDNDRYTVFADKIYHFYLKNDHSRVATNCYNSGGCAHQYAYEPIYYHLNYTSAGEDGISYQPCTANCIGYAANVFATESNGHIPEGFSFNN
PEDY_Chinju39 SKTLGPTAN-DVTTGRNCLFNKAIPAHHSDGKHSYVGITHDNDRYTYFADKIYHFYLKNDHSRYATNCYNSGGCAHQYVYEPIYYHLNYTSAGEDGISYQPCTANCIGYAANVFATESNGHIPEGFSFNN
PEDY_CY777 NKTLGPTYN-DYTTGRNCLFNKAIPAYHRDGKDIVYGITHONDRYTYFADKIYHF YLKNDHSRYATRCYNRRSCAHQYVYTPTYYHLNYTSAGEDGIYYEPCTANCTGYRANYFATDSNGHIPEGFSFNN
PEDV_DR13 NKTLGPTYN-DYTTGRNCLFNKAIPAYHRDGKDIVYGITHONDRYTVFADKIYHF YLKNDHSRYATRCYNRRSCAHQYVYTPTYYHLNVTSAGEDGLYYEPCTANCTGYAANYFATDSNGHIPEGFSFNN
Consensus sKTLGPTaN.DVTTGRNCLFNKATPAhHs #gkhsVVGITHONDRYTVFaDKIYhF: T.CYNsggC tYYHLNVTSAGEDGIsY #PCTANCiGYAANYFAT #sNGHIPEGFSFNN
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CHU-091222-01 HFLLSNDSTLLHGKVYSNOPLLYNCLLAIPKIYGLGQFFSFNHTIDGYCNGAAYQRAPEALRFNINDTSYILAEGSIVLHTALGTHFSFYCSHSSDPDLATFAIPLGATQVPYYCFLKYDTYNSTVYYKFL
CNU-091222-04  HFLLSNDSTLLHGKYYSNQPLLYNCLLAIPKIYGLGQFFSFNHTIDGYCNGAAYQRAPEALRFNINDTSYILAEGSIVLHTALGTNFSFYCSNSSDPDLATFAIPLGATQVPYYCFLKYDTYNSTYYKFL
CHU-091222-03 HFLLSNDSTLLHGKYYSNQPLLYNCLLAIPKIYGLGQFFSFNHTIDGYCNGAAYQRAPEALRFNINDTSYILAEGSIVLHTALGTNFSFYCSNSSDPDLATFAIPLGATQVPYYCFLKYDTYNSTVYYKFL
CNU-091222-02 HFLLSNDSTLLHGKYYSNQPLLYNCLLAIPKIYGLGQFFSFNHTIDGYCNGAAYQRAPEALRFNINDTSYILAEGSIVLHTALGTNFSFYCSNSSDPDLATFAIPLGATQVPYYCFLKYDTYNSTYYKFL
PEDY_KNU-0901 HFLLSNDSTLFHGKYYSNQPLLYNCLHAIPKIYGLGHFFSFNQTHDGYCNGATAYRAPEALRFNINDTSYILAEGSIVLHTALGTNLSFYCSNSSDPHKAIFSIPLGATAVPYYCFLKYDTYNSTVYYKFL
PEDY_Chinju39 HFLLSNDSTLFHGKYYSNQPLLYNCLHAIPKIYGLGHFFSFNQTHDGYCNGATAYRAPQALRFNINDTSYILAEGSIVLHTALGTNLSFYCSNSSDPHKAIFSIPLGATQVPYYCFLKVDTYNSTVYKFP
PEDY_CV777 HFLLSHDSTLLHGKVYSNQPLLVNCLLAIPKIYGLGQFFSFNHTHDGYCNGAAYDRAPEALRFNINDTSVILAEGSIVLHTALGTHLSFYCSNSSDPHLAIFAIPLGATEVPYYCFLKVDTYNSTVYKFL
PEDV_DR13 HFLLSHDSTLLHGKYVSHQPLLYNCLLAIPKIYGLGQFFSFNHTHDGYCHGARYDRAPEALRFNINDTSYILAEGSIVLHTALGTHLSFYCSNSSDPHLAIFAIPLGATEVPYYCFLKVDTYNSTVYKFL
Consensus  HFLLSNDSTL1HGKVVSNQPLLYNCL1AIPKIYGLGQFFSFNhTnDGYCHGAav.RAP#ALRFNINDTSYILAEGSIVLHTALGTNLSFYCSNSSDPh1AiFaIPLGAT#VPYYCFLKVDTYNSTVYKFL
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CNU-091222-01 AVLPPTVREIVITKYGDYYVNGFGYLHLGLLDAYTINFTGHGTDDDYSGFHTIASTNFYDALYEYQGTSIQRILYCDDPYSQLKCSQVAFDLEDGYYPISPRNLLSHEQPISFYTLPSFNDHSFYNITYS
CNU-091222-04 AVLPPTVREIVITKYGDYYVNGFGYLHLGLLDAVTINFTGHGTDDDYSGFHTIASTNFYDALYEYQGTSIQRILYCDDPYSQLKCSQVAFDLEDGYYPISPRNLLSHEQPISFYTLPSFNDHSFVYNITYS
CNU-091222-03 AVLPPTVREIVITKYGDYYVNGFGYLHLGLLDAYTINF TGHGTDDDYSGFHTIASTNFYDALYEVQGTSIQRILYCDDPYSQLKCSQVAFDLEDGYYPISPRNLLSHEQPISFYTLPSFNDHSFYNITYS
CHU-091222-02 AVLPPTVREIVITKYGDYYVNGFGYLHLGLLDAYTINFTGHGTDDDYSGFHTIASTNFYDALYEYQGTSIQRILYCDDPYSQLKCSQVAFDLEDGYYPISPRHLLSHEQPISFYTLPSFHDHSFVNITYS
PEDY_KNU-0901 AVLPPTVREIVITKYGDYYVNGFGYLHLGLLDAYAINF TGHGTNDDYSGFHTIASTNFIDALIEYOATAIQRILYCDDPYSQLKCSQVSFDLDDGF YPISSRNLLSHEQPISFYTLPSFHDHSFYNITYS
PEDY_Chinju39 AVLPSTVREIVITKYGDYYYNGFGYLHLGLLDAYTINFTGHGTNDDYSGFHTIASTNFIDALIEYQATAIQRILYCDDPYSQLKCSQVSFDLDDGFYPISSRNLLSHEQPISFYTLPSFNDHSFYNITYS
PEDY_CVY777 AVLPPTYREIVITKYGDVYVNGFGYLHLGLLDAYTINFTGHGTDDDYSGFHTIASTNFYDALIEVQGTSIQRILYCDDPYSQLKCSQVAFDLDDGFYPISSRNLLSHEQPISFVTLPSFNDHSFYNITYS
PEDV_DR13 AVLPPTYREIVITKYGDVYVNGFGYLHLGLLDAYTINFTGHGTDDDYSGFHTIASTNFVDALIEVQGTSIQRILYCODPYSQLKCSQYAFDLDDGFYPISSRNLLSHEQPISFVTLPSFNDHSFYNITYS
Consensus AVLPpTYREIVITKYGDVYVNGFGYLHLGLLDAVEINFTGHGT #DDVSGFHTIASTNF ! DAL ! EVQgTsIQRILYCDDPYSQLKCSQYaFDL #DGf YPISSRNLLSHEQPISFYTLPSFNDHSFYNITVS
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CHU-091222-01 ASFGGHSGANLIASDTTINGFSSFCYDTRQFTVSLFYNVTHSYGYVSKSQDSNCPFTLQSYNDYLSFSKFCYSTSLLASACTIDLFGHPDFGSDVKFTSLYFQF TKGELITGTPKPLEGYTDVSFHTLDYV
CNU-091222-04 ASFGGHSGANLIASDTTINGFSSFCYDTRAQFTYSLFYNVTNSYGYVSKSQDSNCPF TLASYNDYLSFSKFCYSTSLLASACTIDLFGHPDFGSDYKFTSLYFQF TKGELITGTPKPLEGYTDVSFHTLDY
CNU-091222-03 ASFGGHSGANLIASDTTINGFSSFCYDTRQF TYSLFYNVTNSYGYVSKSQDSNCPF TLOQSYNDYLSFSKFCYSTSLLASACTIDLFGHPDFGSDYKFTSLYFQF TKGELITGTPKPLEGYTDVSFHTLDY
CNU-091222-02 ASFGGHSGANLIASDTTINGFSSFCYDTRQFTYSLFYNVTNSYGYVSKSQDSNCPF TLOQSYNDYLSFSKFCYSTSLLASACTIDLFGHPDFGSDVKFTSLYFQF TKGELITGTPKPLEGYTDVSFHTLDY
PEDY_KNU-0901 AAFGDSGGANLVASDTTINGFSSFCYDTRQF TIRLFYNVTNSYGYVSKSQDSNCPF TLQSYNDYLSFSKFCYSTSLLAGACTIDLFGYPAFGSGYKFTSLYFQF TKGELITGTPKPLOGYTDVSFHTLDY
PEDY_Chinju39 AAFGDSGGANLVASDTTINGFSSFCYDTRQYTIRLFYNVTNSYGYVSKSQDSNCPFTLOSYNDYLSFSKFCVSTSLLAGACTIDLFGYPAFGSGYNYRSLYFQF TKGEHITHAPKPLNGLLKGGFHTLDY
PEDY_CV777 AAFGGLSSANLYASDTTINGFSSFCYDTROFTITLFYNVTNSYGYYSKSQDSNCPFTLQSYNDYLSFSKFCYSTSLLAGACTIDLFGYPAFGSGYKLTSLYFQF TKGELITGTPKPLEGITDVSFHTLDY
PEDV_DR13 AAFGGLSSANLYASDTTINGFSSFCYDTROFTITLFYNYTNSYGYYSKSQDSHCPFTLQSYNDYLSFSKFCYSTSLLAGACTIDLFGYPAFGSGYKLTSLYFQF TKGELITGTPKPLEGITDVSFHTLDY
Consensus RAaFGg.sgANL !ASDTTINGFSSFCYDTROZT! (LFYNVTNSYGYVSKSQDSNCPFTLQSYNDYLSFSKFCYSTSLLAgACTIDLFGYPaFGSgVk .LSLYFQFTKGELITgtPKPL#G.tdvsFHTLDY
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CNU-091222-01 CTKYTIYGFKGEGIITLTNSSFLAGYYYTSDSGOLLAFKNVTSGAYYSYTPCSFSEQAYYVDDDIVGAISSSSNSTFNSTRELPGFFYHSNDGSNCTEPYLYYSNIGYCKSGSIGYVPSQSGQVKIAPTY
CNU-091222-04 CTKYTIYGFKGEGIITLTNSSFLAGYYYTSDSGQLLAFKNYTSGAYYSYTPCSFSEQAVYVDDDIVGAISSSSNSTFNSTRELPGFFYHSNDGSNCTEPYLYYSNIGYCKSGSIGYVF IAPTY
CHU-091222-03 CTKYTIYGFKGEGIITLTHSSFLAGYYYTSDSGOLLAFKNYTSGAYYSYTPCSFSEQAYYYDDDIVGAISSSSNSTFNSTRELPGFFYHSHDGSNCTEPYLYYSHIGYCKSGSIGYVF IAPTY
CHU-091222-02 CTKYTIYGFKGEGIITLTHSSFLAGYYYTSDSGOLLAFKNVTSGAYYSYTPCSFSEQAYYVDDDIVGAISSSSHSTFNSTRELPGFFYHSHDGSNCTEPYLYYSHIGYCKSGSIGYVPS KIAPTY

PEDY_KNU-03901 CIKVTIVGFKGEGIITLTNSSFLREVVYISDSGDLLﬂFKNVTSEﬂVYSVIPCSFSEﬂHHVVDDDIVGVISSLSNSTFNNIRELPGFFVHSNDESNC1EPVLVYSNIGVCKSGSIGYVPLOVGUVKIHPIV
PEDY_Chinju39 CTKYTIYGFKGEGIITLTNSSILAGYYYTSDSGOLLAFKNYTSGAYYSYTPCSFSEQARYYNDDIVGYISSLSNSTFNNTRELPGFFYHSNDGSNCTEPYLYYSNIGYCKSGSIGYVPSQYGQVKIAPTY
PEDV_CV777 CTKYTIYGFKGEGIITLTNSSILAGYYYTSDSGOLLAFKNVTSGAVYSYTPCSFSEQARYYNDDIVGYISSLSNSTFNNTRELPGFFYHSNDGSNCTEPVLYYSNIGYCKSGSIGYVPSQYGQVKIAPTY
PEDV_DR13 CTKYTIYGFKGEGIITLTNSSILAGYYYTSDSGALLAFKNYTSGAYYSYTPCSFSEQARYYNDDIYGYISSLSNSTFNNTRELPGFFYHSNDGSNCTEPYLYYSNIGYCKSGSIGYVPPQYGQVKIAPTY
Consensus CTKYTIYGFKGEGIITLTNSSiLAGYYYTSDSGQLLAFKNVTSGAYYSYTPCSFSEQAaYY4#DDIVGVISS1SNSTFNnTRELPGFFYHSNDGSNCTEPYLVYSNIGYCKSGSIGYVPsQyGQVKIAPTY
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CNU-091222-01 TGNISIPTNFSHSIRTEYLQLYNTPYSYDCATYVCNGNSRCKALLTQYTAACKTIESALQLSARLESYEYNSHLTISEEALQLATISSFNGDGYNF THYLGYSYYEPASGRYVHKRSFIEDLLFNKVYTH
CNU-091222-04 TGNISIPTNFSHSIRTEYLQLYNTPYSYDCATYVCNGNSRCKALLTQYTAACKTIESALQLSARLESYEYNSHLTISEEALQLATISSFNGDGYNF THYLGYSYYEPASGRYVHKRSFIEDLLFNKVYTH
CNU-091222-03  TGNISIPTNFSHSIRTEYLQLYNTPYSYDCATYVCNGNSRCKQLLTQYTARCKTIESALQLSARLESYEYNSHLTISEEALQLATISSFNGDGYNF TNVLGYSYYEPASGRYYHKRSFIEDLLFNKYVTN
CNU-091222-02 TGNISIPTNFSHSIRTEYLQLYNTPYSYDCATYVCHNGNSRCKALLTQYTAACKTIESALQLSARLESYEYNSHLTISEEALQLATISSFNGDGYNF THYLGYSYYEPASGRYVHKRSFIEDLLFNKVYTH
PEDY_KNU-0901 TGNISIPTNFSHSIRTEYLQLYNTPYSYDCATYVCHNGNSRCKQLLTQYTAACKTIESALQLSARLESYEVNSHLTISEEALQLATISSFNGGGYNFTHYLGYSYYDPASGRYVQKRSIIEDLLFNKVYTN
PEDY_Chinju39 TGNISIPTNFSHSIRTEYLQLYNTPYSYDCATYVCNGNSRCKQLLTQYTAACKTIESALELSARLESYEVNSHLTISEEALQLATISSFNGDGYNFTHYLGYSYYDSQSGRYIHERSFIEDLLFNKVVTH
PEDV_CV777 TGHISIPTHFSHSIRTEYLOLYNTPVSYDCATYVCHGNSRCKALLTQYTARCKTIESALQLSARLESYEVNSHLTISEEALQLATISSFHGDGYNF THYLGASYYDPASGRYVQKRSYIEDLLFNKYVTH
PEDV_DR13 TGNISIPTNFSHSIRTEYLQLYNTPYSYDCATYVCNGNSRCKQLLTQYTARCKTIESALOLSARLESYEYNSHLTISEEALQLATISSFNGDGYNF TNVLGASYYDPASGRYVQKRSYIEDLLFNKYVTN
Consensus TGNISIPTNFSHSIRTEYLOLYNTPYSYDCATYYCNGNSRCKQLLTQYTAACKTIESAL #LSARLESYEVNSHLTISEEALQLATISSFNGAGYNFTNVLGYSVY #paSGRY ! qkRS . IEDLLFNKYVTH
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CNU-091222-01 GLGTVDEDYKRCSHGRSYADLVCAQYYSGYMVLPGYVDAEKLHHYSASLIGGHALGGF TRAAAALPFSYAYQARLNYLALQTDVLQRNQQLLAESFNSATIGNITSAFESYKEAISQTSQGLNTVAHALTKY
CNU-091222-04 GLGTVDEDYKRCSHGRSYRDLVCAQYYSGYHVLPGYVDAEKLHHYSASLIGGHALGGF TRAAALPFSYAYQARLNYLALQTDVLQRNQQLTAESFNSATIGNITSAFESYKEAISQTSQGLNTVAHALTKY
CHU-091222-03 GLGTVDEDYKRCSHGRSYADLYCAQYYSGYHVLPGYVDAEKLHHYSASLIGGHALGGF TRARALPFSYAYOARLNYLALQTDVLQRNQQLHAESFNSATIGHITSAFESYKEAISATSQGLNTVAHALTKY
CNU-091222-02 GLGTVDEDYKRCSHGRSYRDLYCAQYYSGYHVLPGYVDAEKLHHYSASLIGGHALGGF TARAALPFSYAYQARLNYLALQTDVLQRNQQLHAESFNSAIGNITSAFESYKEAISQTSQGLNTVAHALTKY
PEDY_KNU-0901 GLGTVDEDYKRCSNGRSYRDLYCAQYYSGYHVLPGYVDAEKLHHYSASLYGGHYLGGF TRRAALPFSYAYQARLNYLALQTDYLQRNQQLLAESFNSAIGNITSAFESYKEAISQTSQGLNTVAHALTKY
PEDY_Chinju39 GLGTVDEDYKRCSHGRSYRDKVCAQYYSGLHVLPGYVDAEKLHHYSASLIGGHALGGF TRRYALPFSYAYQARLNYLALQTDVLQRNQQLLAESFNSAIGNITSAFASYKEAISQTSKGLNTVAHALTKY
PEDV_CV777 GLGTVDEDYKRCSHGRSYADLVCAQYYSGYHVLPGYVDAEKLHHYSASLIGGHALGGITARAALPFSYAYQARLNYLALQTDVLQRNQQLLAESFNSAIGNITSAFESYKEAISQTSKGLNTVAHALTKY
PEDV_DR13 GLGTVDEDYKRCSNGRSYADLYCAQYYSGYHVLPGYVDAEKLHMYSASLIGGHALGGITARAALPFSYAVQARLNYLALQTDYLQRNQOLLAESFNSAIGNITSAFESYKEATSATSKGLNTYAHALTKY
Consensus GLGTVDEDYKRCSNGRSYADLVCAQYYSGvHYLPGYVDAEKLHNMYSASL ! GGHaLGGf TRAARaALPFSYAYQARLNYLALQTDVLQRNQQL1AESFNSAIGNITSAFeSYKEATISQTSKGLNTVAHALTKY
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CNU-091222-01 QEVVNSQGARLSQLTIQLOHNFQAISSSIDDIYSRLDILSADYQYDRLITGRLSALNAFYAQTLTKYTEYQASRRLAQQKYNECYKSQSQRYGFCGGDGEHIFSLYQRAPQGLLFLHTYLYPGDFYNYTR
CNU-091222-04 QEVVNSQGARLSQLTIQLOHNFQAISSSIDDIYSRLDILSADYQYDRLITGRLSALNAFYAQTLTKYTEYQASRRLAQQKYNECYKSQSQRYGFCGGDGEHIFSLYQRAPQGLLFLHTYLYPGDFYNYTA
CNU-091222-03 QEVVNSQGAALSOLTIOLOHNFQATSSSIDDIYSRLDIL! ITGRLSALNAFYAQTLTKYTEVQASRRLAQOKYNECYKSQSQRYGFCGGDGEHIFSLYQAAPQGLLFLHTYLYPGDFYNVTA
CHU-091222-02 QEVVNSQGAALSQLTIOLOHNFQAISSSIDDIYSRLDILSADYQVDRLITGRLSALNAFYAQTLTKYTEVQASRRLAQQKYNECYKSQSQRYGFCGGDGEHIFSLYQAAPQGLLFLHTYLYPGDFYNVTA
PEDY_KNU-0901 QEVVNSQGAALSQLTIQLQHNFQAISSSIDDIYSRLDILSADYQYDRLITGRLSALNAFYAQTLTKYTEVQASRKLAQQKVNECYKSQSQRYGFCGGDGEHIFSLYQAAPQGLLFLHTYLYPGDFYNVIA
PEDY_Chin ju39 QEVVNSQGSALTQLTIQLQHNFQAISSSTODIYSRLDILSADYQVDRLITGRLSALNAFVAQTLTKYTEVQASRKLAQQKYNECVKSQSQRYGFCGGDGEHIFSLYQAAPQGLLFLHTVLYPGDFVNVIA
PEDY_CY777 (QEVVHSQGSALNOLTYVOLQHNFQAISSSIDDIYSRLDILSADVQVDRLITGRLSALNAFYAQTLTKYTEVQASRKLAQOKYNECYKSQSQRYGFCGGDGEHIFSLYQAAPQGLLFLHTYLVPGDFVNVLA
PEDV_DR13 (QEVYNSQGSALNQLTYQLQHNFQAISSSIDDIYSRLDILSADVQVDRLITGRLSALNAFYAQTLTKYTEVQASRKLAQOKYNECYKSQSQRYGFCGGDGEHIFSLYQARPQGLLFLHTYLVPGDFVNVLA
Consensus QEVYNSQGsAL.QLT!QLQHNFQAISSSiDDIYSRLDILSADYQYDRLITGRLSALNAFYAQTLTKYTEVQASRKLAQOKYNECYKSQSQRYGFCGGDGEHIFSLYQARPQGLLFLHTYLVPGDFYNY.A
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CNU-091222-01 IAGLCYNDDIALTLREPGLYLFTHELQTHTATEYFVSSRRHFEPRKPTVSDFVQIESCYYTYVNLTSDQLPDVIPDYIDVNKTLDEILASLPNRTDLSFPLDVFNATYLNLTGEIADLEQRSESLRNTTE
CHU-091222-04 IAGLCYNDDIALTLREPGLYLFTHELQTHTATEYFVSSI TYSDFVQIESCYVTYVNLTSDQLPDVIPDYIDVNKTLDEILASLPNRTDLSFPLDYFNATYLNLTGEIADLEQRSESLRNTTE
CHU-091222-03 IHGLCVNDDIRLTLREPGLVLFTHELHTHYHTEYFVSSRRHFEPRKPTVSDFVHIESCVVTYVNLTSDBLPDVIPDYIDVNKTLDEILHSLPNRTDLSFPLDVFNRTYLNLTEEIRDLEORSESLRNTTE
CNU-091222-02 IAGLCYNDDIALTLREPGLYLFTHELQTHTATEYFVSSRRHFEPRKPTYSDFVQIESCYYTYVNLTSDQLPDVIPDYIDVNKTLDEILASLPNRTOLSFPLOVFNATYLNLTGEIADLEQRSESLRNTTE
PEDY_KNU-0901 IAGLCYNGDIALTLREPGLYLFTHELQTHTAMEYFYSSRRHFEPRKPTYSDFYQIESCYYTYYNLTSDQLPDYIPDYIDYNKTLDEILASLPNRTGPSLPLOVFNATYLNLTGEIADLEQRAESLRNTTE
PEDY_Chinju39 IAGLCYNGDIALTLREPGLYLVTHELQTYTATEYFYSSRRHFEPRKPTYSDFYQIQSCYYTYYNLTSDQLPDYIPDYIDYNKTLDEILASLPNRTGPNLPLOVFNATYLNLTGEIADLEQRSESLRNTTE
PEDY_CVY777 IAGLCYNGEIALTLREPGLYLFTHELQTYTATEYFYSSRRMFEPRKPTYSDFYQIESCYYTYVNLTSDQLPDYIPDYIDYNKTLOEILASLPHRTGPSLPLDYFNATYLNLTGEIADLEQRSESLRNTTE
PEDV_DR13 IAGLCVNGEIALTLREPGLVLFTHELQNYTATEYFYSSRRHFEPRKPTYSDFVQIESCYVTYVNLTSDOLPDYIPDYIDVNKTLDEILASLPNRNGPSLPLDYFNATYLNLTGEIADLEQRSESLRNTTE
Consensus  IAGLCYNg#IALTLREPGLVLf THELQLyTALEYFYSSRRHFEPRKPTYSDFYQI#SCYVTYVNLTSDQLPDVIPDYIDVNKTLDEILASLPNRLgps1PLDYFNATYLNLTGEIADLEQRSESLRNTTE

1301 1310 1320 1330 1340 1350 1360 1370 1380 1388

CNU-091222-01 ELRSLIYNINNTLVDLEHLNRVETYIKHPHHVHLIIFIVLIFVVSLLVFCCISTEEEECCGECCHEFSGCEREPRLUPVEHFEKVHVD
CNU-091222-04 ELRSLIYNINNTLYDLEHLNRVETYIKHPHHVHLIIFIVLIFYVSLLYFCCISTGCCGCCGCCCACFSGCCRGPRLAPYERFEKYHYQ
CNU-091222-03 ELRSLIYNINNTLYDLEHLNRVETYIKHPHHVHLITIFIVLIFYVSLLYFCCISTGCCGCCGCCCACFSGCCRGPRLAPYEAFEKYHYQ
CNU-091222-02 ELRSLIYNINNTLVDLEHLNRVETYIKHPHHVHLIIFIVLIFYVSLLYFCCISTGCCGCCGCCCACFSGCCRGPRLAPYEAFEKYHYQ
PEDY_KNU-0901 ELRSLIYNINNTRVDLEHLNRVETYIKHPHHVHLYIFIVLIFVYVSLLYFCCISTGCCGCCGCCCACFSGCCRGPRLAPYEAFEKYHYQ
PEDY_Chinju39 ELRSLIYNINNTLYDLEHLNRVETYIKHPHHVHLIIFIGLIFYVSLLYFCCISTGCCGCCGCCGACFSGCHRGPRLAPYEGFEKYHYQ
PEDV_CY777 ELRSLINNINNTLVDLEHLNRVETYIKHPHHVHLIIVIVLIFVVSLLYFCCISTGCCGCCGCCGACFSGCCRGPRLOPYEAFEKYHYQ
PEDV_DR13 ELRSLINNINNTLYDLEHLNRVETYIKHPHHVHLIIFIVLIFVYSLLYFCCISTGCCGCCGCCGACFSGCCRGPRLOPYEAFEKYHVQ
Consensus ELRSLIYNINNTLYDLEHLNRVETYIKHPHHVHL ! If IvLIFVVYSLLYFCCISTGCCGCCGCCgACFSGCcRGPRLOPYEAFEKVHYVQ

Fig. 5. Sequence comparison and alignment report on S proteins. The deduced amino acid sequences of the S protein of different PEDV strains were aligned using the
MultiAlign program. Numbers indicate amino acid position.
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Table 3

Comparisons of the amino acid sequences on S protein from newly isolated PEDV with other reference strains.

Strains Amino acid homology (%)
Cv777 DR13 Chinju99 KNU-0901 CNU-091222-01
CV777° - 99.7 92.8 93.5 92.9
DR13® 99.9 - 92.6 934 92.8
Chinju99°¢ 94.4 94.3 - 95.2 91.9
KNU-0901¢ 94.2 94.2 96.3 - 94.2
CNU-091222-01¢ 93.9 93.9 94.0 95.0 -
2 The prototype strain (Belgium, 1988, AF353511).
b Korean PEDV vaccine strain (Korea, 2006, DQ862099).
¢ Korean PEDV field isolate (Korea, 1999, AY167585).
d Sequenced S protein of Korean field sample (Korea, 2009, GU180145).
¢ Sequenced S protein of Korean field sample in the paper (Korea, 2009, JN184634).
PEDV CV777 b
8 PEDV LZC
PEDV Br1_87
100.d ‘' PEDV DRI13 Cluster 1
PEDV DX
9 PEDV LJB_03
g PEDV JS-2004-2 E
PEDV Chinjuss
PEDV KNU-0801 Cluster 2
PEDV KNU-0301 d
PEDV CNU-091222-03
PEDV CNU-091222-04
1000 PEDV CNU-091222-01 Cluster3
PEDV CNU-091222-02 E
TGEV PUR46-MAD
56, 100 u_._tﬁ TGEV Purdue P115
i TGEV Miller M6
PRCV ISU-1
4 HCoV-223E
100, MHV A5S
100, MHV JHM
l_m.q L pHEVVWER
R o
-CoV Urbani
|&7 T T T T T T 1
120 100 80 60 40 20 0

Fig. 6. Phylogenetic analysis based on the amino acid sequences. The phylogenetic tree was generated using the Clustal W method following multiple alignments of amino
acid sequences. Putatively similar regions of spike proteins of other distantly related coronaviruses were also included in this tree. The numbers represent bootstrap values
greater than 50% of 1000 replicates. New PEDV isolates were in different cluster from those published.

be another possible target for PEDV replication. It seems likely that
the ability to induce pathogenesis might be largely dependent on
the ability of the S protein to mediate entry into target cells.

The inefficient infection in alveolar macrophages also suggests
the possibility of a persistent infection or presence of PEDV in pig
farms. The same farms experienced repeated outbreaks and some
farms were found to be positive for PEDV infection most of the time.
Based on our findings, we hypothesize that alveolar macrophages
may be susceptible to PEDV although they are probably not a
primary replication site. Perhaps, when protective antibodies are
generated by vaccination or infection, PEDV might escape into alve-
olar macrophages. As such, these cells might make a good target for
persistence. We found many sows tested that confirmed positive
for PEDV, as measured by RT-PCR of their lung samples, although
they have never shown any of clinical signs of infection (personal
observations). We also found many PEDV-positive cases from day-
old piglet samples, as measured by RT-PCR. We can only explain
these positive results from day-old piglet samples if the infection
spread from sows during pregnancy or delivery. In summary, we
hypothesize that alveolar macrophages are not the primary target
or acommon replication site for PEDV, but they are likely important
for its survival and pathogenesis.

To the best of our knowledge, this is the first report on PEDV
lung infection. Our results clearly showed that (i) wild-type PEDV
exhibits heterogeneity in the S protein with other PEDV strains
that induce only enteric diseases, (ii) PEDV can replicate in mul-
tiple organs other than the small intestine, and (iii) PEDV is able
to replicate and infect porcine macrophages in vivo and in vitro.
However, further studies are still required to fully understand the

mechanism of PEDV infection since our findings conflict with the
previous understanding of PEDV replication sites and pathogen-
esis. Although we found some variations in sequence with other
isolates, it remains unknown exactly where and what the critical
factors are which cause these changes in its pathogenesis. Addi-
tional studies with other stains will be required to resolve these
questions. In conclusion, our confirmation of PEDV lung infection
provides a new perspective on the tropism of this virus and could
be an important finding for the management of PEDV pathogenesis
in pig farms.

5. Conclusions

Our observations were confirmed by experimental inoculation,
and we found that PEDV infection in the respiratory tract was
specifically associated with alveolar macrophages in the lung. Vero
cell-adapted PEDV was able to replicate in both primary alve-
olar macrophages and continuous porcine alveolar macrophage
cells. The discovery that PEDV infects and replicates in alveolar
macrophages provides new insights into its pathogenesis.
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