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Porcine coronavirus infections have known as they are specific to pigs with predominantly enteric or
respiratory diseases. No laboratory animal model is yet been developed in porcine coronaviruses study.
Here, we report that development of a transgenic mouse model expressing porcine APN which is suscep-
tible to porcine coronavirus infection. The porcine APN transgene was constructed by fusing with mouse
proximal APN promoter at 5’ terminus and bovine growth hormone polyadenylation site at its 3’ termi-

nus. After screen on pubs from the microinjected mice, we confirmed two transgenic lines expressing
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porcine APN in various organs. We confirmed the susceptibility to porcine epidemic diarrhea virus, one of
the porcine coronaviruses. These transgenic mice will be an important tool for research into the porcine

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The coronaviruses belong to the family Coronaviridae within the
order Nidovirales. They are classified into four genera, Alphacoro-
navirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus,
based on genetic similarities (Adams et al., 2014). The primary
replication of the coronaviruses is often confined to respiratory- or
gastrointestinal-tract epithelial cells, so they usually induce respi-
ratory or enteric diseases, but also hepatic, renal and neuronal
infections (Lednicky et al., 2013; Masters, 2006; Weiss and Navas-
Martin, 2005).

The pathogenesis of several porcine coronaviruses, including
transmissible gastroenteritis virus (TGEV) and porcine respiratory
coronavirus (PRCoV), has been broadly studied (Enjuanes et al.,
1995; Saif, 2004a,b; Saif, 2004a,b; Weiss and Navas-Martin, 2005).
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TGEV is a major cause of viral enteritis and fetal diarrhea in swine,
most severely in neonates and with a high mortality rate, which
causes significant economic losses worldwide (Enjuanes et al.,
1995). PRCoV is reported to be an attenuated variant of TGEV.
PRCoV infects lung epithelial cells, and PRCoV antigen has been
found in type I and type Il pneumocytes and alveolar macrophages,
and infection is followed by interstitial pneumonia (Halbur et al.,
1993; Saif, 2004a,b). Porcine epidemic diarrhea virus (PEDV) is
the causative agent of porcine epidemic diarrhea, which is char-
acterized by watery diarrhea, as is TGEV infection (Chasey and
Cartwright, 1978; Pensaert and de Bouck, 1978; Turgeon et al.,
1980). PEDV-infected piglets usually show typical enteric signs,
including profuse watery diarrhea, weight loss, and loss of milk
uptake, entailing high mortality. PEDV has been reported in Europe
and Asia, and also recently in the United States (Hess et al,
1980; Huang et al., 2013; Pan et al., 2012; Park et al., 2013;
Wang et al, 2014). All these porcine coronaviruses belong to
the genus Alphacoronavirus. A hemagglutinating enteric corona-
virus, a member of the genus Betacoronavirus, is antigenically
unrelated to the other porcine coronaviruses and uses a 5-N-
acetyl-9-0-acetylneuraminic-acid-containing moiety as its cellular
receptor.
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Coronavirus infections are mediated by the spike (S) glycopro-
tein, a large surface glycoprotein on the viral envelope (Delmas
and Laude, 1990; Masters, 2006). Coronavirus S glycoproteins rec-
ognize cellular receptors and mediate virus-cell fusion (Masters,
2006; Peng et al., 2011). Most Alphacoronavirus, including TGEV,
PEDV, and PRCoV, use aminopeptidase N (APN/CD13) as their cel-
lular receptor (Delmas et al., 1992; Li et al., 2007; Ren et al., 2010;
Tresnan and Holmes, 1998; Yeager et al., 1992). APN/CD13 is a
150-kDa, zinc-dependent metalloprotease consisting of 967 amino
acids (Rawlings and Barrett, 1995). Mammalian APN is ubiquitously
expressed as a glycosylated homodimer on the surfaces of epithe-
lial cells in the liver, intestine, kidney, and respiratory tract, and in
fibroblasts and leukocytes, and plays multiple roles in many physi-
ological processes, including coronavirus entry (Barnes et al., 1994;
Luan and Xu, 2007; Mina-Osorio et al., 2008; Miura et al., 1983).

The natural hosts of porcine coronaviruses are young piglets,
and clinical illness has only been observed in sucking piglets.
However, in vivo studies using suckling piglets have many disad-
vantages, including their high cost, difficulty in handling the piglets,
limited reagents, etc. Because the use of laboratory animal mod-
els (e.g.,, mouse models) can circumvent these limitations, several
transgenic animal models have been generated to study porcine
viruses (Benbacer et al., 1998; Ono et al., 2006). Here, we generated
transgenic mice expressing porcine APN under the control of the
mouse proximal APN promoter. We tested their susceptibility to
PEDV with reverse transcription-polymerase chain reaction (RT-
PCR) and immunochemical analyses, and found that the porcine
APN transgenic mice were susceptible to PEDV infection.

2. Materials and methods
2.1. Cells and viruses

Vero monkey kidney cells were maintained in minimal essential
medium containing 10% fetal bovine serum (FBS), 100 U/ml peni-
cillin G, 100 pg/ml streptomycin, and 250 p.g/ml amphotericin B in
a 5% CO, atmosphere at 37 °C. 293T human embryonic kidney cells
were maintained in Dulbecco‘s modified Eagle’s medium contain-
ing 10% FBS, 100 U/ml penicillin G, 100 p.g/ml streptomycin, and
250 wg/ml amphotericin B. All tissue culture reagents were pur-
chased from Gibco (Carlsbad, CA, USA). KPEDV-9, a cell-adapted
vaccine strain of PEDV, was grown and titrated in the Vero cells, as
described previously, and stored at —80 °C until use (Cruz and Shin,
2007; Hofmann and Wyler, 1988).

2.2. Reagents and antibodies

The polyclonal antibodies specific for PEDV and porcine APN
were generated in BALB/c mice immunized with KPEDV-9 and
purified porcine APN, respectively, as described previously (Cruz
et al.,, 2008). The antibody specificities were confirmed with
enzyme-linked immunosorbent assays. The anti-Flag M2 mono-
clonal antibody (anti-Flag) and Anti-Flag M2 Affinity Gels (gel
beads) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG anti-
body was purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA).

2.3. Construction of porcine APN transgene

The mouse proximal APN promoter region (starting at
nucleotide-1044) was amplified from C57BL/6] genomic DNA by
PCR with primers 5-CCCGCGGCCGCAAGATTTGAAACAGTGGA-3’
and 5'-CCCAAGCTTGATGCCGGTGGACAGGGA-3/, containing flank-
ing Notl and Hindlll restriction endonuclease sites, respectively. The
PCR product was cloned into the pBluescript KS (+) vector and the

pGL3-Basic vector (Promega, Madison, WI, USA), which contains a
promoterless luciferase reporter gene. The porcine APN gene was
amplified from the total RNA isolated from porcine enterocytes
with RT-PCR using specific primers and cloned into the pBluescript
KS (+) vector. A sequence encoding the Flag epitope (DYKDDDDK)
was fused to the 3’ terminus of porcine APN with PCR with
primers 5'-CCCAAGCTTACCATGGCCAAGGGATTCTAC-3' and 5'-
CCCCTCGAGTCACTTGTCGTCATCGTCTTTGTAGTCGCTGTGCTCTAT-
GAACCA-3’, which contain flanking HindlIIl and Xhol restriction
endonuclease sites, respectively. The BGH-polyA sequence was
amplified from the pcDNA3.1 vector (Invitrogen, Carlsbad, CA, USA)
with PCR using primers 5'-CCCCTCGAGCGACTGTGCCTTCTAGTT-3'
and 5-CCCGGTACCCCATAGAGCCCACCGCAT-3/, which contain
flanking Xhol and Kpnl restriction endonuclease sites, respectively.
The PCR product was cloned into the pBluescript KS (+) vector.
All PCR products were confirmed with automated sequencing.
To generate the porcine APN transgene, porcine APN-Flag and
the mouse proximal APN promoter were ligated into pBluescript
KS-BGH-polyA after they were digested with HindlIll/Xhol and
Notl/HindlIll, respectively.

2.4. Promoter luciferase assay

293T cells (2.5 x 10° cells/ml) were plated in 24-well plates.
After 24 h, the cells were transfected with pGL3-Basic-mouse prox-
imal APN promoter (mAPN-luc) (0.2 g or 1 ug). The cells were
transfected in triplicate using Lipofectamine 2000 (Invitrogen),
according to the manufacturer’s instructions. After 24 h, the cells
were lysed for assay with the luciferase assay system (Promega),
according to the manufacture’s protocol. All luciferase activities
were normalized to [3-galactosidase activity.

2.5. Generation and detection of porcine APN transgenic mice

The porcine APN transgene was linearized by restriction
with Notl and purified with gel extraction (Qiagen, Valen-
cia, CA, USA). Gain-of-function gene transfer was performed
by microinjecting the purified DNA into the pronuclei of
ICR mouse zygotes, which were then transferred into the
oviducts of female recipient mice. The transgenic mice
were identified with PCR analysis of tail genomic DNA with
primers: PCR1-F: 5-CCCAAGCTTACCATGGCCAAGGGATTCTAC-3’
and PCR1-R: 5-GAAGTTGGAGAGCATCCT-3’; and PCR2-
F: 5-GGCGTCCTACTTGCATGC-3’ and PCR2-R: 5-CCCCTC-
GAGTCACTTGTCGTCATCGTCTTTGTAGTCGCTGTGCTCTATGAACCA-
3’. The founder mice were backcrossed to the C57BL/6] background
for five generations. All the mice used in this study were maintained
in a specific-pathogen-free facility at the Biomedical Research
Center at the Korea Advanced Institute of Science and Technology,
Daejeon, Korea.

2.6. Infection of porcine APN transgenic mice with PEDV

All animals were cared for and the experiments were performed
at the animal facility at Chungnam National University (CNU),
Korea, with the permission of and according to protocols approved
by the Institutional Animal Care and Ethics Committee of CNU
(permission number 20110825). The porcine APN transgenic and
nontransgenic wild-type mice were orally inoculated with 5 x 106
TCIDs5q of KPEDV-9 or phosphate-buffered saline (PBS, pH 7.2) as
the negative control. Their clinical signs were monitored and their
feces collected for 5 days. Two mice from each group were killed on
the indicated days after viral infection. The tissues were aseptically
collected and prepared for RT-PCR and immunohistopathological
analysis.
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2.7. RNA extraction and RT-PCR

Total RNAs were extracted from the feces and tissue samples
using TRIzol® Reagent (Invitrogen) and transcribed to cDNA using
Power cDNA synthesis kit (iNtRON Biotechnology, Korea), accord-
ing to the manufacturer’s protocol. The porcine APN-Flag cDNA
was PCR amplified with the specific primers used for the geno-
typing PCR. As a control, specific primers were used to amplify
B-actin (mouse [-Actin-F: 5-CGGTTCCGATGCCCTGAGGCTCTT-3’
and mouse 3-actin-R: 5'-CGTCACACTTCATGATGGAATTGA-3'). The
cycling parameters were initial denaturation at 94 °C for 2 min, fol-
lowed by 30 cycles of denaturation at 94°C for 15s, annealing at
60°C for 405, and extension at 72 °C for 90 s, with a final extension
step at 72 °C for 5 min.

To detect the viral genome, viral RNA was extracted from tissue
homogenates using the Viral Gene-spin Viral DNA/RNA Extrac-
tion Kit (iNtRON Biotechnology), according to the manufacturer’s
instructions. M-MLYV reverse transcriptase (iNtRON Biotechnology)
was used for first-strand cDNA synthesis, together with 10 .l of
extracted viral RNA in a 50 pl randomly primed reaction. The
specific primers used for the detection of the N gene were PEDV-
N forward (5-GGTACCATGGCATCTGTCAGCTTT-3’) and PEDV-N
reverse (5-GGATCCTTAATTTCCTGT TCGAA-3’). RT-PCR was per-
formed at 94°C for 2 min, followed by 30 cycles of 94°C for 20s,
54°C for 10s, and 72 °C for 2 min, with a final extension at 72 °C for
10 min. The PCR products were analyzed by gel electrophoresis and
visualized with ethidium bromide staining and UV transillumina-
tion.

2.8. Immunoblotting

293T cells were lysed with cell lysis buffer (25 mM Tris-Cl
[pH 7.5], 150mM NaCl, 1mM EDTA, 1mM NaF, 1mM sodium
orthovanadate, 1 mM PMSF, 5% glycerol, 0.5% Triton X-100, and
protease inhibitors [Roche, Indianapolis, IN, USA]). The small
intestines were rinsed with PBS and homogenized in lysis buffer
(1% NP40, 150 mM Tris-Cl, 50mM NaCl, 1 mM EDTA). The cell
or tissue lysates were separated with 8-15% gradient SDS-
PAGE and transferred into PVDF membrane (Amersham-Pharmacia
Biotech, Piscataway, NJ, USA). The proteins were probed with
an anti-Flag monoclonal antibody diluted 1:4000 and an anti-
[3-actin antibody diluted 1:10,000. The immune complexes were
detected with peroxidase-conjugated goat anti-mouse IgG anti-
body (Santa Cruz Biotechnology) and visualized with Amersham
ECL western blotting detection reagent (Amersham-Pharmacia
Biotech).

2.9. Flow cytometry

293T cells were transfected with the porcine APN transgene.
After 24 h, the cells were rinsed with PBS and detached with Non-
Enzymatic Cell Dissociation Solution (Sigma-Aldrich) for 2 min. The
detached cells were harvested and resuspended in fluorescence-
activated cell sorting (FACS) staining buffer (PBS containing 2%
FBS). The cells were stained with the anti-Flag M2 monoclonal
antibody (1:200) for 15 min at 4 °C and then with FITC-conjugated
anti-mouse IgG secondary antibody (1:500) for 15 min at 4°C. The
antibody-stained cells were analyzed with flow cytometry (FAC-
SCalibur, Becton-Dickinson Biosciences, Franklin Lakes, NJ, USA).
Kidney and liver tissues collected from mice were rinsed with
PBS, and the renal or hepatic cells were isolated from the tis-
sues with a 70 wm mesh filter (Becton-Dickinson Biosciences),
resuspended in FACS staining buffer, and analyzed as described
above.
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Fig. 1. Structure and activity of the mouse proximal APN promoter. (A) Proximal
and distal APN promoter regions. Black circle: transcription start site. (B) Activity
of the proximal APN promoter in 293T human embryonic kidney cells. 293T cells
were transfected with the serially diluted pGL3-Basic vector encoding the mouse
proximal APN promoter (mAPN-luc, left panel). After 24 h, the cells were lysed and
assayed for luciferase activity. The promoter activity is expressed relative to the
luciferase activity measured in cells transfected with the pGL3-Basic vector. The
error bars represent the standard deviations of three replicates.

2.10. Immunochemistry (IHC)

Small intestine samples were fixed in 10% buffered formalin
and embedded in paraffin. Serial 5 wm sections were mounted on
silane-coated slides. The sections were deparaffinized for immuno-
histochemical analysis, and the endogenous peroxidases were
blocked with 0.6% H,0, in methanol for 30 min. Antigens were
retrieved with microwave heating in citrate buffer for 10 min, and
the slides were incubated with 1.5% horse serum for 30 min at room
temperature. Polyclonal anti-porcine APN antiserum, monoclonal
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Fig. 2. Construction and characterization of porcine APN transgenic vector. (A)
Schematic structure of the porcine APN transgene. (B) Epithelial expression of the
porcine APN transgene. 293T cells were transfected with the porcine APN transgene.
After 24 h, the cells were lysed and Flag-tagged porcine APN was immunoprecip-
itated using Anti-Flag M2 Affinity Gels (gel beads), and immunoblotted with an
anti-Flag monoclonal antibody. 1: pcDNA3.1 vector; 2: porcine APN transgene. (C)
Extracellular expression of porcine APN transgene. 293T cells were transfected with
the porcine APN transgene. After 24 h, the cells were detached, stained with anti-
Flag monoclonal antibody and FITC-conjugated anti-mouse IgG secondary antibody,
and analyzed with flow cytometry.
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Fig. 3. Generation of porcine APN transgenic mice. (A) The positions of the genomic
PCR primers used to detect transgene integration are shown. Black arrowheads:
PCR primer set 1; gray arrowheads: PCR primer set 2. (B) Screening porcine APN
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from their tails, and the porcine APN transgene was PCR amplified with two sets of
genomic PCR primers. WT: C57BL/6 ] nontransgenic mice; (+): positive control.
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anti-Flag antibody, or polyclonal anti-PEDV antiserum were applied
overnight at 4 °C. The biotinylated anti-mouse IgG secondary anti-
body was detected with an avidin-biotin-peroxidase kit (Vectastain
ABC kit, Vector Laboratories, Burlingame, CA, USA). Antibody bind-
ing was detected with the chromogen diaminobenzidine (Vector
Laboratories), and the cells were counterstained with hematoxylin
and eosin.

2.11. PEDV replication in the small intestines of porcine APN
transgenic mice

Both wild type and porcine APN transgenic mice were infected
with PEDV orally on day 0. Viral titer in inoculum was 5X TCID5106.
Two mice from each group were killed daily up to 5 days, and small
intestine samples from all mice were collected in MEM and homog-
enized. Samples were centrifuged and supernatants were kept in
—80 °C until processed for titration. Titration was performed using
Vero cells. The PEDV titer was measured and described in log value.

3. Results

3.1. Construction and evaluation of the mouse APN proximal
promoter

The transcription of mouse APN is regulated by two differ-
ent promoters, as shown in Fig. 1A (Bhagwat et al.,, 2001). The
distal promoter is located 8 kb upstream from the transcription

B CNUPED CNUPED
m-1

m-3

1 2 3 4
Small Intestine

Normal mouse serum

Fig. 4. Characterization of porcine APN expression in small intestines of porcine APN transgenic mice. (A) Detection of porcine APN RNA in the small intestines of transgenic
mice with RT-PCR. Small intestine samples were collected from nontransgenic wild-type (1 and 2), CNUPEDm-1 (3 and 4), and CNUPEDm-3 mice (5 and 6). Porcine APN RNAs
were amplified using specific primers targeting porcine APN, as described in Section 2. 3-Actin was detected as the loading control. (B) Expression of porcine APN protein
in the small intestines. Small intestine samples were collected from CNUPEDm-1 and CNUPEDm-3 mice. Porcine APN protein was detected in small intestine homogenates
with immunoblotting using an anti-Flag monoclonal antibody (2 and 4). No recombinant protein was detected in the small intestine samples derived from nontransgenic
wild-type mice (1 and 3). 3-Actin was used as the loading control. (C) Immunohistochemical analysis of porcine APN transgenic mice. Small intestine sections were prepared
from porcine APN transgenic mice (a—-c: CNUPEDm-1; d-f: CNUPEDm-3) and incubated with anti-Flag monoclonal antibody (anti-Flag) (a and d), mouse anti-porcine APN
polyclonal antiserum (anti-pAPN) (b and e), or normal mouse serum (c and f). The immune complexes were visualized with avidin-biotin-peroxidase and the cells were

counterstained with hematoxylin and eosin. Magnification, x40.
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start site and controls APN expression in myeloid and fibroblast
cells, whereas the proximal promoter regulates APN expression in
epithelial cells (Olsen et al., 1991; Shapiro et al., 1991). Following
references and preliminary studies, we choose the mouse proximal
APN promoter to express porcine APN in mouse epithelial cells. To
test the promoter’s activity, the sequence encoding the promoter
region was amplified and cloned into the pGL3-Basic promoter-
less vector (Fig. 1B), and the promoter activity was measured by
luciferase assay. As shown in Fig. 1B, the luciferase activity was
about eight-fold higher in 293T human embryonic kidney cells
transfected with the vector containing the mouse proximal APN
promoter (mAPN-Iuc) than in cells transfected with the empty vec-
tor.

3.2. Construction and characterization of the porcine APN
transgene

We constructed a vector encoding porcine APN, which was
regulated by the mouse proximal APN promoter (porcine APN
transgene) (Fig. 2A). The porcine APN cDNA was amplified from
porcine enterocytes and tagged at the C-terminus with the Flag
epitope to distinguish exogenously expressed porcine APN from
endogenously expressed murine APN. The 2.9-kb Flag-epitope-
tagged porcine APN cDNA was cloned into the pBluescript KS (+)
vector under the control of a 1.1-kb genomic sequence containing
the mouse proximal APN promoter. The splice sites and polyadeny-
lation signal for the cDNA were provided by a 0.2-kb bovine growth
hormone polyadenylation signal (BGH-PolyA). The expression of
the porcine APN protein was detected with immunoprecipitation
and immunoblotting in 293T cells transfected with the porcine APN
transgene. The Flag-tagged recombinant protein, with a molecular-
weight of about 150 kDa (the expected molecular mass for porcine
APN), was confirmed with immunoprecipitation (Fig. 2B). We also
measured the surface expression of porcine APN with flow cytom-
etry using an anti-Flag antibody, and found that 21.3% of cells were
Flag-positive (Fig. 2C). Our data demonstrate that the mouse proxi-
mal APN promoter efficiently induced porcine APN expression from
our construct.

3.3. Generation of transgenic mice expressing porcine APN

The porcine APN transgene was linearized with Notl restric-
tion and the DNA microinjected into mouse zygotes. To screen for
porcine APN expression, we designed two genomic PCR primers, as
indicated in Fig. 3A (arrowheads). The presence of the porcine APN
transgene in mouse litters was monitored with PCR analysis on tail
genomic DNA (Fig. 3B). Microinjection of the porcine APN trans-
gene produced two transgenic founders, designated CNUPEDm-1
and CNUPEDm-3. The transgenic mice were healthy and showed
no negative effects of transgene expression.

3.4. Characterization of porcine APN transgenic mice

Because the major pathological changes of the porcine coro-
naviruses (e.g., TGEV and PEDV) involves enteric diseases, we
measured porcine APN expression in the small intestine by RT-
PCR, immunoblotting, and IHC. All the tested litters descended from
CNUPEDm-1 or CNUPEDm-3 expressed porcine APN mRNA in their
small intestines (Fig. 4A). The small intestines expressed a recom-
binant protein with the molecular mass expected for porcine APN
(Fig. 4B). An immunohistochemical analysis, with both anti-Flag
and anti-porcine APN antibodies, clearly confirmed porcine APN
expression in the brush borders of the absorptive cells in the small
intestines of the mouse model (Fig. 4C). These results demonstrate
that the porcine APN transgenic mice expressed porcine APN in
their small intestines.
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Fig. 5. Porcine APN expression in various tissues of porcine APN transgenic mice.
(A) Detection of porcine APN RNA in various tissues of transgenic mice with RT-PCR.
Various tissue samples were collected from CNUPEDm-3 mice. Porcine APN RNA
was amplified using specific primers targeting porcine APN. 3-Actin was detected
as the loading control. (B) Detection of porcine APN-positive cells in the kidneys
and livers of transgenic mice. The kidney and liver tissues were collected from
CNUPEDm-3 mice, and cells were isolated with a mesh filter. Porcine APN-positive
cells were stained with anti-Flag monoclonal antibody and FITC-conjugated anti-
mouse IgG secondary antibody, and analyzed with flow cytometry. WT: C57BL/6]
nontransgenic mice; APN-TG: porcine APN transgenic mice.

We also screened for porcine APN expression in various other
tissues with RT-PCR. Porcine APN mRNA was strongly expressed
in the lung, kidney, and the intestine, and was slightly expressed
in the liver (Fig. 5A). The extracellular expression of porcine APN
was examined in the kidney and liver by FACS analysis (Fig. 5B).
Consistent with the RT-PCR results, the number of Flag-positive
renal cells was significantly higher (2-4.3-fold) in the porcine APN
transgenic mice than in the nontransgenic wild-type mice, whereas
the number of Flag-positive hepatic cells was also slightly higher
(1.6-3-fold) In summary, we confirmed the expression of porcine
APN in the small intestines, lungs, livers, and kidneys of the porcine
APN transgenic mice.

3.5. PEDV infection of porcine APN transgenic mice

We examined the susceptibility of the porcine APN transgenic
mice to PEDV, one of the enteropathogenic porcine coronaviruses.
Porcine APN transgenic or nontransgenic wild-type mice were
inoculated orally with KPEDV-9, a Vero-cell-adapted Korean strain
of PEDV. In infected transgenic mice, other than slightly watery
feces observed at 3 days after inoculation (Fig. 6A), whereas no
clinical signs (e.g., watery diarrhea, vomiting, fever, weight loss, or
death) were observed for 5 days. Viral replication was detected in
various tissue extracts with RT-PCR. Viral RNA was confirmed in the
small intestines (for at least 5 days), kidneys (for at least 2 days),
and spleen (for at least 3 days) only in the porcine APN transgenic
mice (Table 1), and not in the nontransgenic mice. An immunohis-
tochemical analysis detected PEDV antigen in the brush borders of
the small intestines, at the same location at which porcine APN
is expressed (Fig. 6B), which has been demonstrated in PEDV-
infected piglets (Debouck and Pensaert, 1980; Pensaert et al., 1981).
However, no histopathological changes were observed in the small
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DAYO0
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Fig. 6. Immunohistochemical analysis of the small intestines of porcine APN transgenic mice infected with PEDV. (A) Feces were collected from the mice on the indicated
days after KPEDV-9 inoculation. (B) Porcine APN transgenic mice (APN-TG) and nontransgenic wild-type mice (WT) were orally inoculated with KPEDV-9. Three days after
inoculation, the small intestines were collected and tissue sections were incubated with mouse anti-PEDV polyclonal antiserum. Arrows indicate PEDV-infected epithelial

cells. Magnification, x40.

Table 1
RT-PCR analysis of various tissues of porcine APN transgenic (TG) or nontransgenic wild-type (WT) mice infected with PEDV.

Days after inoculation Small intestine Lung Liver Kidney Spleen

WT TG WT TG WT TG WT TG WT TG

1 — + — — — + — — — +

2 - + - - - + — — — +

3 — + — — — — — — — +

5 - + ND ND ND ND ND ND ND ND
ND: not determined.

intestines that shown in PEDV infected piglets. Overall, these data
indicate that porcine APN transgenic mice are susceptible to PEDV
infection, although they showed none of the enteric disease symp-
toms typical of PEDV-infected piglets (Fig. 7).

3.6. PEDV replication in the small intestines of porcine APN
transgenic mice

PEDV replication in both wild type and porcine APN transgenic
mice were confirmed and compared by viral load in the small
intestines. There were no detectable PEDV in any of wild type
mice samples. In porcine APN transgenic mice, the mean value
of PEDV was TCID5o.103! on day 1. It increased to TCID5o.1038,
TCIDs0.1048, TCID50.10%°, TCIDs0.1051, on day 2, 3, 4, and 5,
respectively. There was no big change in titer between 3 and 5

days PL. We could confirm clear PEDV replication in the small
intestines of porcine APN transgenic mice.

4. Discussion

Laboratory animal models are crucial tools for the study of
viral pathogenesis in vivo, especially for highly pathogenic human
viruses or viruses with restricted host ranges (Calvert et al.,
2014; Chiu et al., 2014; Deruaz and Luster, 2013). Unlike in vitro
cell culture systems, laboratory animal models offer researchers
invaluable opportunities to study the biological, pathological, and
histological characteristics of human and animal diseases. For
these purposes, many transgenic mouse models have been devel-
oped to study viral pathogenesis, immune responses, and vaccines
(Darling etal.,2014; O’Brien et al.,2014; O’Connor and Green, 2014;
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Fig.7. PEDV replication in the small intestines of porcine APN transgenic mice. Both
wild type and porcine APN transgenic mice were infected with PEDV (5X TCIDs,106)
orally on day 0. Two mice from each group were killed daily up to 5 days, and
intestine samples were collected and prepared for titration. Titration was done using
Vero cells. Y value is PEDV titer in TCIDsg in log value.

Reynaud et al., 2014). In the field of coronavirus research, studies
of severe acute respiratory syndrome coronavirus (SARS-CoV) and
human coronavirus 229E (hCoV-229E) have been conducted with
transgenic mouse models (Lassnig et al., 2005; Tseng et al., 2007).

The host range of the porcine coronaviruses is strongly limited
to pigs, so pigs are the only animals available in which to study
viral pathogenesis. However, in vivo experiments using pigs are
relatively challenging because they require special treatments,
reagents, and facilities. Because most porcine coronaviruses use
porcine APN as their receptor, we generated porcine APN trans-
genic mice, which are susceptible to porcine coronaviruses. We
constructed the porcine APN transgene by attaching the mouse
proximal APN promoter to the 5 terminus of the porcine APN
gene and the BGH-polyA signal at its 3’ terminus. We thus gen-
erated porcine APN transgenic mice expressing porcine APN in the
brush borders of their small intestines and various tissues (lungs
and kidneys).

Previous attempts to generate APN transgenic mice suscepti-
ble to TGEV or hCoV-229E have been documented (Benbacer et al.,
1998; Lassnig et al., 2005). Benbacer et al. generated an RT-PCR-
positive lineage, but failed to confirm either the expression of the
porcine APN protein in the intestine or TGEV replication in their
porcine APN transgenic mouse model (Benbacer et al., 1998). A
susceptible mouse model for hCoV-229E infection was successfully
developed using comprehensive APN regulatory elements to gen-
erate human APN*/*STAT1-/~double transgenic mice, and a virus
was adapted to grow in primary embryonic fibroblasts from these
mice (Lassnig et al., 2005). A transgenic mouse model of SARS was
generated by expressing human angiotensin-converting enzyme 2,
a functional receptor for the virus, under the regulation of a global
promoter (Tseng et al., 2007). The significance of our study is that
we successfully generated transgenic mice expressing porcine APN
with minimal modifications, by using the mouse APN proximal pro-
moter and the BGH-polyA signal to ensure the strong expression
and correct splicing of the gene (Pfarr et al., 1986). Therefore, we
could express porcine APN in the brush borders of the mouse small
intestines and on the surfaces of their renal cells (Figs. 4 and 5).

Among the porcine coronaviruses, PEDV is relatively poorly
studied, and many questions and controversies remain regarding
its outbreaks and pathogenesis. Outbreaks of porcine epidemic
diarrhea have been limited to few countries in East Asia in the cold
season, whereas it has spread to most swine farms in the Asian
region (Mole, 2013; Pan et al., 2012; Park et al., 2013; Song and
Park, 2012; Stevenson et al., 2013). Recently, PEDV has also spread
rapidly among swine farms in the United States, causing high
piglet mortality in more than 17 states (Huang et al., 2013; Mole,

2013; Stevenson et al., 2013; Wang et al., 2014). More importantly,
although vaccination is practiced on most swine farms in Korea,
reported outbreaks are still increasing. Moreover, a method for
isolating wild-type PEDV is not well established. For these reasons,
we tested the susceptibility of porcine APN transgenic mice to
PEDV. Although significant clinical illness was not observed when
the transgenic mice were infected with PEDV, their susceptibility
to the virus was confirmed by the detection of viral RNA in various
organs with RT-PCR and viral proteins in the small intestines with
IHC. More clearly, PEDV replication was confirmed by increase in
viral titer up to 5 days PI compared to those in wild type mice.
We could found clear increase in viral titer in the small intestines
of pAPN transgenic mice but not from wild type mice. These
results also confirmed that porcine APN plays a role as the cellular
receptor for PEDV. However, similar experiments using other
porcine coronaviruses are required.

Although we have presented evidence of PEDV infection in the
small intestines of porcine APN transgenic mice, no clinical signs
were observed, apart from moderately soft feces. It has previously
been shown that PEDV can infect cells lacking extracellular trypsin,
although trypsin is essential for the generation of a cytopathic effect
(CPE) in infected cells (Park et al., 2011). Therefore, we assume
that cellular cofactors (e.g., trypsin) other than the primary receptor
might be involved in and required for PEDV pathogenesis in vivo.
However, these factors are probably present at insufficient levels in
mice. Proteases are generally required for efficient viral entry and
the CPEs of coronaviruses (Matsuyama et al., 2005; Simmons et al.,
2004, 2013). Although the viral receptors are usually expressed in
various organs, the diseases caused by coronavirus infections are
limited to the small intestines and/or lungs, which are enriched
cellular proteases. This suggests that proteases play a role in the
pathogenesis of the coronaviruses in vivo, as is already well estab-
lished for influenza virus infections (Hatesuer et al., 2013; Sakai
et al., 2014; Tarnow et al., 2014).

5. Conclusions

The porcine APN transgenic mouse model should extend our
understanding of the pathogenesis of and other studies to porcine
coronavirus infections. This laboratory animal model should also
circumvent all the disadvantages and difficulties related to the
study of porcine coronaviruses in suckling piglets. With the strat-
egy described here, transgenic mouse models expressing the APN
genes of other animals could be developed and used for the study
of other coronaviruses.
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