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Abstract: Porcine deltacoronavirus (PDCoV) strain OH-FD22 infects poultry and shares high nu-
cleotide identity with sparrow-origin deltacoronaviruses (SpDCoV) ISU73347 and HKU17 strains.
We hypothesized that the spike (S) protein or receptor-binding domain (RBD) from these SpDCoVs
would alter the host and tissue tropism of PDCoV. First, an infectious cDNA clone of PDCoV OH-
FD22 strain (icPDCoV) was generated and used to construct chimeric icPDCoVs harboring the S
protein of HKU17 (icPDCoV-Syky17) or the RBD of ISU73347 (icPDCoV-RBDjgy). To evaluate their
pathogenesis, neonatal gnotobiotic pigs were inoculated orally/oronasally with the recombinant
viruses or PDCoV OH-FD22. All pigs inoculated with icPDCoV or OH-FD22 developed severe
diarrhea and shed viral RNA at moderate-high levels (7.62-10.56 logjy copies/mL) in feces, and
low-moderate levels in nasal swabs (4.92-8.48 logjy copies/mL). No pigs in the icPDCoV-Syku17
and icPDCoV-RBDjgy groups showed clinical signs. Interestingly, low-moderate levels (5.07-7.06
logyg copies/mL) of nasal but not fecal viral RNA shedding were detected transiently at 1-4 days
post-inoculation in 40% (2/5) of icPDCoV-Syxky17- and 50% (1/2) of icPDCoV-RBDjgy-inoculated
pigs. These results confirm that PDCoV infected both the upper respiratory and intestinal tracts
of pigs. The chimeric viruses displayed an attenuated phenotype with the loss of tropism for the
pig intestine. The SpDCoV S protein and RBD reduced viral replication in pigs, suggesting limited
potential for cross-species spillover upon initial passage.

Keywords: porcine deltacoronavirus; S protein; reverse genetics; tissue tropism; spillover

1. Introduction

The Coronaviridae family is classified into four genera: Alphacoronavirus, Betacoron-
avirus, Gammacoronavirus, and Deltacoronavirus. These coronaviruses (CoVs) infect various
species and cause a broad spectrum of clinical outcomes, from asymptomatic infection to
respiratory, gastrointestinal, hepatic, and neurological diseases, and peritonitis. Although
some CoVs exhibit a narrow host spectrum, the high frequency of cross-species spillover is
a well-known characteristic of the CoV family, threatening the health of both humans and
domestic animals. Several studies have shown that the spike (S) gene is the main genetic
determinant of CoV host, tissue, or cellular tropism [1-3]. Members of highly pathogenic
human betacoronaviruses, including severe acute respiratory syndrome (SARS)-CoV, Mid-
dle East respiratory syndrome (MERS)-CoV and the causative agent of the COVID-19

Viruses 2021, 13, 122. https:/ /doi.org/10.3390/v13010122

https://www.mdpi.com/journal /viruses


https://www.mdpi.com/journal/viruses
https://www.mdpi.com
https://orcid.org/0000-0003-2872-0088
https://orcid.org/0000-0002-8238-417X
https://doi.org/10.3390/v13010122
https://doi.org/10.3390/v13010122
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/v13010122
https://www.mdpi.com/journal/viruses
https://www.mdpi.com/1999-4915/13/1/122?type=check_update&version=2

Viruses 2021, 13, 122

20f 15

pandemic, SARS-CoV-2, originated from bats and were transmitted to humans directly or
indirectly through one or several intermediate hosts [4-10].

Porcine deltacoronavirus (PDCoV) was initially found in pig fecal samples collected
in Hong Kong in 2009 and confirmed as the etiologic agent causing diarrhea in pigs in
the United States in 2014 [11,12]. Although when and how PDCoV emerged in the swine
population remains unclear, it is proposed that birds have served as the major reservoir
for the gene source and fueled the evolution and dissemination of deltacoronaviruses
(DCoVs) [11,13]. It is known that wild birds may serve as critical spreaders in influenza
virus transmission [14-17]. Upon certain conditions, including environmental and physio-
logic stress, bird migration has shown a strong association with influenza outbreaks [14].
For DCoVs, one SpDCoV strain, HKU17, was sequenced and showed over 90% amino acid
identity to PDCoV for seven conserved replicase domains, suggesting that SpDCoV HKU17
and PDCoV are subspecies of the same species [11]. Furthermore, SpDCoV strains were
detected from sparrow fecal samples collected from swine farms in the United States [18]
and they showed higher sequence identity to PDCoV and HKU17 than to other avian
DCoVs, suggesting that there may be an evolutionary association between the SpDCoVs
and PDCoV. Also, various avian and non-swine cell lines are susceptible to PDCoV infec-
tion [19,20]. Thus, PDCoV exhibits a broad cell tropism, infecting various cell lines derived
from multiple species, including humans, pigs, chickens, and cattle. In addition, PDCoV
also utilizes a conserved region of host aminopeptidase N (APN) of different species for
viral attachment and entry process [19,21,22]. Besides the cellular tropism, PDCoV experi-
mentally infected poultry [13] and gnotobiotic calves [23]. Collectively, both in vitro and
in vivo studies suggeste a broad host range of PDCoV.

DCoVs has the smallest RNA genome among all known CoVs (26 kb) with a similar
genomic organization to that of other CoVs: ORFlab, S (spike) protein, E (envelop) protein,
M (membrane) protein, N (nucleocapsid) protein, and accessory proteins [11,18,24]. The
S protein facilitates binding to the host receptor and membrane fusion in the CoV entry
process, making it the primary determinant in CoV tropism. The S protein of a CoV
can be divided into two functionally distinct subunits: S1 subunit and S2 subunit [25,26].
The C-terminal domain (CTD) of the S1 subunit of PDCoV S protein was identified as
the receptor-binding domain for APN [27]. Cryo-electron microscopy suggested that
PDCoV-CTD showed identical structural folds to those of alphacoronavirus [28]. The
alphacoronavirus transmissible gastroenteritis coronavirus (TGEV) causes severe diarrhea
in young pigs. A naturally occurring variant of TGEV, the porcine respiratory coronavirus
(PRCV), showed changes in tissue tropism with a large deletion and point mutations in
S protein and alteration in the ORF3 [29,30]. PRCYV is non-enteropathogenic but causes
respiratory infection and disease in pigs [31]. The TGEV/PRCV scenario suggests that
changes within the PDCoV S protein may lead to altered host or tissue tropism.

As the viral membrane protein responsible for cell entry, CoV S proteins bind to
receptors on target cells and mediate subsequent virus-cell fusion [32]. Therefore, highly
variable regions identified in the S protein may be responsible for the distinct host range
for PDCoV and SpDCoV. We hypothesized that the recombinant PDCoVs with S protein
or the RBD of the S protein replaced with that of SpDCoVs can lead to altered tropism.
To test that hypothesis, an infectious cDNA clone of PDCoV was constructed. Next,
recombinant PDCoVs with engineered S proteins were generated and used to inoculate
neonatal gnotobiotic (Gn) pigs to evaluate their pathogenesis.

2. Materials and Methods
2.1. Cell Lines and Viruses

LLC porcine kidney (LLC-PK1) cell (ATCC CL-101) were cultured in modified Ea-
gle’s medium (MEM, Life Technologies, Carlsbad, CA, USA) supplemented with 5% fetal
bovine serum (FBS, Hyclone, Logan, UT, USA), 1% nonessential amino acids (NEAA, Life
Technologies, Carlsbad, CA, USA), 1% antibiotic-antimycotic (Life Technologies, Carls-
bad, CA, USA), and 1% HEPES (Life Technologies, Carlsbad, CA, USA). After PDCoV
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inoculation and adsorption for one hour at 37 °C with 5% CO,, the LLC-PK1 cells were
maintained in MEM supplemented with 1% antibiotic-antimycotic, 1% NEAA, 1% HEPES,
and 10 pg/mL trypsin (Life Technologies, Carlsbad, CA, USA) [33]. Swine testis (ST, ATCC
CRL1746) and ST-APN-knockout (KO) cells [19], kindly provided by Dr. Berend Jan Bosch
at Utrecht University, were maintained in Dulbecco modified Eagle medium (DMEM, Life
Technologies, Carlsbad, CA, USA) supplemented with 10% FBS. PDCoV virulent strain
OH-FD22 at cell culture passage level 7 (P7) was used as the virulent control in the Gn pig
study and its genome sequence was used as the backbone for the infectious cDNA clone
construction [12].

2.2. Structural Modeling

The 3D structure of S proteins of recombinant viruses and SpDCoV 1SU73347 were
modeled with SWISS-MODEL (https://swissmodel.expasy.org) using PDCoV S protein
(SMTL ID: 6bfu.1) as the template. The structural analysis was carried out with UCSF
Chimera (http:/ /www.rbvi.ucsf.edu/chimera).

2.3. Construction of the Full-Length cDNA Clone of OH-FD22 and the Recovery of Recombinant
Viruses

The infectious cDNA clone of PDCoV OH-FD22 was constructed using similar meth-
ods to a porcine epidemic diarrhea virus (PEDV) reverse genetics platform described
previously [34]. The viral RNA of the tissue culture-adapted OH-FD22 strain P7 was
extracted using the RNeasy Mini kit (Qiagen, Hilden, Germany) and reverse transcribed
into cDNA using SuperScript IIl reverse transcriptase (Invitrogen, Carlsbad, CA, USA). The
genomic cDNA was divided into five fragments (Figure 1). The five fragments A to E were
amplified by PCR with PrimeSTAR GXL polymerase (TaKaRa, Kyoto, Japan) and cloned
into high-copy-number plasmid pUC19 (NEB, Ipswich, MA, USA). The junction between
A/B fragments was joined by a unique nonpalindromic Sapl site located at nucleotide
positions 3988. The B/C and C/D junctions were divided by the cleavage sites located
at nucleotide position 8622 and 12903, respectively. Fragments D and E were divided by
a Bsal site located at nucleotide position 18468. A naturally occurring Bsal site, located
within N gene, was removed by introducing synonymous mutations (G24597C). Fragment
A contained a T7 promoter located upstream of the first nucleotide, whereas fragment E
harbored a 25-nt poly(A) tail at the 3’ end.

Each plasmid was transformed into chemically competent E. coli. cells and extracted
when it grew to a high concentration. After that, the harvested plasmids were subjected to
enzyme digestion. The appropriately sized cDNA inserts were purified using the QIAquick
gel extraction kit (Qiagen, Hilden, Germany). All five fragments were ligated with T4
ligase (NEB, Ipswich, MA, USA) at 4 °C overnight in an equal molar ratio. The ligation
products were purified by chloroform extraction and precipitated using ethanol. After
that, the purified full-length cDNA was subjected to in vitro transcription using mMessage
mMachine T7 transcription kit (Ambion, Austin, CA, USA). The polyadenylated PDCoV N
gene transcript was generated with an inserted T7 promoter and co-electroporated into the
cells with the full-length transcripts at 450 V and 50 uF using a Gene Pulser II electroporator
(Bio-Rad, Hercules, CA, USA). After recovery in growth medium with FBS for 24 h, the cells
were washed with (phosphate-buffered saline (PBS) twice and cultured in the maintenance
medium in the presence of 10 pg/mL trypsin for 3~5 days. When 80% of cells showed
cytopathic effects, the supernatant was collected and designed as icPDCoV at passage level
0 (PO); this PO virus was used for plaque purification.
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Figure 1. Schematic of the full-length porcine deltacoronavirus (PDCoV) genome and construction of the infectious PDCoV
cDNA clone. (A) The upper panel is the PDCoV genome, including ORFla, ORF1b, and the spike (S), envelope (E),
membrane (M), ORF6, ORF7, and nucleocapsid (N) genes. The lower panel is cDNA fragments comprising icPDCoV.
Restriction sites joining fragments are shown. (B) Lanes a, b, ¢, d, and e correspond to the agarose electrophoresis of the
digested plasmids containing fragments A, B, C, D, and E. (C) Diagram of engineered S protein in chimeric viruses. (D) 3D
model of the structure of S proteins homo-trimer from recombinant viruses and SpDCoV ISU73347. [S1 domain (in red), S2
domain (in green), RBD (in blue)].

The SpDCoV strains HKU17 (GenBank: NC_016992.1) and ISU73347 (GenBank:
MG812378.1) were used as the reference sequences where the engineered S protein or
the RBD were synthesized from Bio Basic Inc. (Amherst, NY, USA). PDCoV S gene within
the plasmid E was replaced by that of SpCoV HKU17; the construction was designated
as E-Syku17. Moreover, the RBD of PDCoV S gene was replaced with the counterpart of
SpCoV ISU73347, generating the plasmid E-RBDjgy. Each E fragment, either containing
wild-type S or mutated S gene, together with the fragments A to D was used to generate
the chimeric viruses icPDCoV, icPDCoV- Sykyi7, and icPDCoV-RBDygy.

2.4. Plaque Assay

LLC-PK1 cell monolayers in six-well plates were washed with maintenance medium
and inoculated with the 10-fold serially diluted virus for one hour at 37 °C. After that,
the inoculum was removed, and cells were washed with PBS. Then cell monolayers were
covered with 2 mL/well of overlay containing 1.5% agarose as described previously [35].
Plates were incubated for 96 h. At 96 hpi, the overlay was removed, and cells were fixed
with 10% PBS-buffered formalin and stained with 0.2% crystal violet.

2.5. Viral Growth Kinetics

LLC-PK1 cell monolayers in six-well plates were infected with the corresponding
viruses at a multiplicity of infection (MOI) of 0.01. After a one-hour absorption, the cell
monolayers were washed twice with PBS and then cultured in the maintenance medium as
described above. The supernatants were collected at multiple time points, and the virus
titers were determined in 96-well plates as 50% tissue culture infectious doses (TCIDsp) by
the Reed-Muench method [36].
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2.6. Infection of the Recombinant Viruses in Wildtype ST (ST-WT) Cells and ST-APN-KO Cells

ST-WT or ST-APN-KO cell monolayers were washed twice with PBS, followed by
inoculation with the different viruses with an MOI = 0.2 for one hour. TGEV (Miller strain)
and PEDV (PC22A strain), originated from our labs, were used as controls [37,38]. After
removal of the inoculum, the cells were washed twice with PBS and then maintained in
fresh DMEM supplemented with 0.5 pg/mL trypsin. Cells were cultured for an additional
8h and subjected to immunofluorescent (IF) for the detection of PEDV, PDCoV N proteins,
or TGEV S protein.

2.7. Study Design of the Experimental Infection of Gn Pigs

To evaluate the pathogenesis of the recombinant viruses, experimental inoculation
was performed in Gn pigs as described previously [37]. All experiments carried out in this
study were approved by the Institutional Animal Care and Use Committee (IACUC) of The
Ohio State University. Seventeen Gn pigs were surgically derived from two PDCoV-free
sows and randomly divided into 6 groups. Piglets in the same groups were housed in the
same 1-2 isolators. At 4days of age, the piglets were inoculated with icPDCoV (orally,
n = 4;10% PFU/ pig), icPDCoV-Sykuyi7 [orally, n = 3; 108 PFU/ pig or oronasally (inoculum
ratios: oral route/nasal route = 2/1), n = 2; 108 PFU/pig], icPDCoV-RBDygy (orally, n = 2;
10® PFU/pig), OH-FD22 as virulent PDCoV control (orally, #n = 3, 108 PFU/pig), or MEM
as mock (orally, n = 2). One pig, as a commingled contact, was kept in the same isolator
with two icPDCoV-Syky17 inoculated pigs. Clinical signs, including diarrhea and vomiting,
were monitored daily. Rectal swabs were collected daily to determine the severity of
diarrhea and for fecal viral shedding detection. The severity of diarrhea was scored
based on the fecal consistency in individual pigs: 0, solid; 1, pasty; 2, semiliquid (mild
diarrhea); and 3, liquid (severe diarrhea). Nasal swabs were collected between 14 days
post-inoculation (dpi). At the acute phase of infection, one piglet from the OH-FD22 group
and two from the icPDCoV group had severe diarrhea and high viral RNA shedding.
These three pigs were euthanized for histopathological examination. The remaining pigs
were euthanized at 11 dpi when no viral RNA shedding was detected for at least three
consecutive days.

2.8. RNA Extraction, Sequencing, and TagMan Real-Time Reverse-Transcription Quantitative
PCR (RT-qPCR)

Rectal and nasal swab samples were collected and subjected to total RNA extraction
using MagMax RNA isolation kit (Austin, CA, USA) and MagMAX™ Express instrument
(Thermofisher, Waltham, MA, USA) according to the manufacturer’s instructions. After
that, the PDCoV RNA titers of swab samples were determined by RT-qPCR using the On-
eStep RT-PCR Kit (QIAGEN, Valencia, CA, USA) targeting the PDCoV M gene with primers
(forward 5'-ATCGACCACATGGCTCCAA and reverse 5’-CAGCTCTTGCCCATGTAGCTT)
and the probe (FAM-5'-CACACCAGTCGTTAAGCATGGCAAGCT-IABKFQ) as described
previously [39]. To confirm the viral shedding from the respiratory tract of pigs inoc-
ulated with recombinant viruses, the RNAs of nasal swab samples showed positive in
RT-qPCR were reverse-transcribed using SuperScript® IV Reverse Transcriptase (Ther-
mofisher, Waltham, MA, USA) and subjected to sanger sequencing.
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2.9. Immunohistochemistry (IHC) and Immunofluorescent IF Staining

At necropsy, duodenum, jejunum, ileum, colon, and other major organs (heart, liver,
turbinate, lungs, kidneys, spleen, and mesenteric lymph nodes) were collected and fixed
in 10% PBS-buffered formalin. All tissues, except turbinate, were trimmed, processed,
embedded in paraffin, and sectioned with routine procedures [40]. Because of the hardness
of turbinate, it was subjected to de-calcification in 10% buffered EDTA (pH = 7.4) for
one week. When it became soft enough for sectioning, turbinate samples were fixed
in 10% formalin and processed as previously described for IHC staining [41]. Tissues
were counterstained with hematoxylin. Mouse monoclonal antibody (mAb) SD55-197
against PDCoV N proteins (www.medgenelabs.com) was used as the primary antibody
for the detection of PDCoV-infected cells. The IHC staining procedure was performed
as described previously, using a non-biotin polymerized horseradish peroxidase system
(BioGenex Laboratories, San Ramon, CA, USA). Ratios of villous height to crypt depth
(VH/CD,) of the jejunum and ileum of each group were measured as described before [40].
For each intestinal section, 8 villi and crypts were selected and measured from different
sections.

For IF staining, cells were fixed and permeabilized with 100% ice-cold methanol at
24 hpi. Then cells were stained with primary antibodies (SD55-197 for PDCoV N protein
and SD6-29 for PEDV N protein, kindly provided by Dr. Eric Nelson, South Dakota State
University, and 25C9.3 for TGEV S protein) at 4 °C overnight. After washing with PBS
for three times, Alexa Fluor 488 (AF488)-conjugated goat anti-mouse IgG (Invitrogen,
Carlsbad, CA, USA) was added as the secondary antibody. Cells were incubated for 1 h
at room temperature. After washing with PBS, 1 mg/mL of DAPI (4/,6-Diamidino-2-
Phenylindole, Dihydrochloride, Roche Life Science, Indianapolis, IN, USA) was added
for nucleic acid staining and images of stained tissues were captured by Olympus IX-70
fluorescent microscope (Olympus, Tokyo, Japan).

2.10. Statistical Analysis

The statistical analyses were performed using GraphPad Prism, version 8. Compar-
isons of diarrhea rates were analyzed by one-way analysis of variance (ANOVA). A p-value
of less than 0.05 was considered significantly different. The onset of diarrhea, mean cumu-
lative fecal consistency score of each pig, duration of diarrhea, peak nasal RNA shedding
titers, the onset of fecal RNA shedding, and mean peak fecal RNA shedding titers were
shown in Mean =+ Standard Deviation (SD).

3. Results
3.1. Recombinant Viruses Were Rescued and Characterized in Cell Culture

The transcripts of the PDCoV full-length genome and N gene were mixed and co-
electroporated into LLC-PK1 cells. Obvious syncytia, characterized as the typical cytopathic
effect (CPE) of coronaviruses, were observed at 72 h after electroporation. All supernatants
were collected when 80% of the cells showed CPE and designated as PO. The PO viruses
were plaque purified and sequencing confirmed as designed. The infectious titers of the
P1 viruses were 7.63 &+ 0.94, 8.07 £ 0.40, and 10.29 +£ 0.54 log9 TCIDsy/mL for icPDCoV-
Shku17, icPDCoV-RBDjsy, and icPDCoV, respectively. Moreover, the virus replication was
confirmed by IF staining of PDCoV N proteins in icPDCoV-P1-infected cells (Figure 2).
The replication of recombinant viruses was assessed by multistep growth kinetics at a
MOI of 0.01. Though all three recombinant viruses replicated at a similar rate at the
early phase [within 16 h post-inoculation (hpi)], much lower peak infectious titers were
observed for icPDCoV-Spky17 and icPDCoV-RBDygy mutants (Figure 3A). In summary;,
those two chimeric viruses showed less efficient replication compared with icPDCoV in
LLC-PK1 cells.
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Figure 2. The rescue of the recombinant PDCoVs (magnification, 100x). LLC-PK1 cells transfected
with N transcript only (A) and the full-length mRNA genome and N transcript of PDCoV (B) at 72 h
post electroporation (hpi) viewed by light microscopy. IF staining for cells inoculated with control
(C), icPDCoV (D), icPDCoV-RBDysy (E), and icPDCoV-Sykuiy (F) at 24 hpi [PDCoV N gene (in green)
and nuclei (in blue)].
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Figure 3. Characterization of the recombinant PDCoVs. (A) Multistep growth kinetics of the infec-
tious clone-derived recombinant PDCoVs (icPDCoV, icPDCoV-RBDjgy, icPDCoV-Syky17), and the
parental PDCoV OH-FD22 strain. LLC-PK1 cells were inoculated with each virus at a MOI of 0.01.
Supernatants were sampled at different time points and titrated for TCIDs5g (B) The infectivity of
the recombinant viruses in wildtype ST (ST-WT) cells and APN-knockout ST (ST-APN-KO) cells.
TGEV and PEDV were used as APN-dependent and APN-independent controls, respectively. Mono-
layer of cells infected with different viruses with MOI = 0.2. After removal of the inoculum, the
cells were cultured for additional 8 h, fixed and stained for TGEV, PEDV, and PDCoV, respectively.
Fluorescent focus units (FFU) were counted using a fluorescent microscope. Data are presented as the
means + SD. *** p < 0.005; *** p < 0.001; NS, no significance. (C) Plaques of recombinant PDCoVs in
LLC-PK1 cells. Cells were fixed and stained at 96 hpi.
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3.2. Recombinant icPDCoV's with Distinct S Counterparts Differed in Their Replication in
APN-KO Cells

Coronavirus S protein, responsible for the receptor-binding function, initiates the viral
infection cycle and determines the host range and tissue tropism. To investigate whether
altered S protein leads to any variation in receptor usage, we infected either ST cells or
ST-APN-KO cells with icPDCoV and chimeric viruses. TGEV and PEDV were used as
controls as infection is dependent and independent of APN, respectively. Unlike TGEV,
whose infection was completely abolished, icPDCoV replication partially decreased due to
the loss of APN in ST cells (Figure 3B), consistent with a previous report [19]. However,
the presence of APN did not significantly affect icPDCoV-Syky17 infection of ST cells, like
the PEDV control. For icPDCoV-RBDjgy, increased infection in ST cells was observed upon
the knockout of APN. The results suggest that S counterparts from the chimeric viruses
showed different preferences of viral entry strategies and PDCoV may also use other host
factors as the receptors.

3.3. icPDCoV Showed Comparable Pathogenesis in Neonatal Gn Pigs as OH-FD22 and Chimeric
Mutants Exhibited Nasal but Not Fecal Viral RNA Shedding

We investigated the pathogenesis of the recombinant PDCoVs in neonatal Gn pigs
(Table 1). After virus inoculation, all pigs in OH-FD22- and icPDCoV-inoculated groups
had severe diarrhea by 2 dpi, with similar peak fecal viral RNA levels (8.92 & 0.25 log1g
copies/mL for OH-FD22 and 8.38 + 0.81 logjg copies/mL for icPDCoV) or infectious
virus shedding titers (5.69 & 0.54 logj9 TCID5y/mL for OH-FD22 and 4.63 + 0.76 logyg
TCIDsy/mL for icPDCoV) (Figure 4B,D). However, pigs in the chimeric virus groups
showed no diarrhea or other clinical signs. No fecal viral RNA shedding was detected
in the icPDCoV-Spkyi7 or icPDCoV-RBDysy groups until 11 dpi (Figure 4B). Further-
more, no clinical signs or viral shedding were evident for the pig commingled with the
icPDCoV-Spkuiy group. In addition to the fecal viral RNA shedding, all OH-FD22- and
icPDCoV-inoculated pigs showed low-moderate levels of viral RNA shedding in nasal
swabs (4.92-8.48 log1o copies/mL and 5.65-7.80 logo copies/mL, respectively) (Figure
4C). However, nasal viral RNA shedding was detected in 40% (2/5) of pigs in icPDCoV-
Suku17 group (5.36-7.06 logy copies/mL) and 50% (1/2) of pigs in icPDCoV-RBDysy group
(5.07-5.08 log1y copies/mL). The nasal viral shedding in the chimeric virus groups showed
an increasing trend from 1-4 dpi. Moreover, Sanger sequencing showed that the viral RNA
from nasal swabs of the chimeric virus-inoculated pigs shared identical S genes with the
original chimera inoculum. These results suggested limited replication of chimeric viruses
in the pig respiratory tract.

Two pigs from the icPDCoV group and one from the OH-FD22 group showing severe
clinical signs and two pigs in mock group were euthanized at 3 dpi. At necropsy, severe
atrophic enteritis was observed in the virus-inoculated pigs. The intestinal walls of different
sections of small intestines were thin and transparent. Some yellow fluid was accumulated
in the intestinal lumen. IHC staining showed extensive PDCoV N proteins in the remaining
epithelial cells of the small intestine, especially in ileum and jejunum. VH: CD ratio of villi
was used to describe the severity of villous atrophy of the infected pigs. Inoculation of
OH-FD22 or icPDCoV induced comparable severe villous atrophy (Figure 5). However,
no significant villous atrophy was observed in the pigs inoculated with the two chimeric
viruses (Figure 5). In the chimeric virus groups, no lesions were observed in the intestinal
tract, and no PDCoV N protein was detected by IHC staining of the intestinal sections
(Figure 6C,D,H,LM,N). These data indicate that icPDCoV virus is highly pathogenic in
newborn Gn piglets, like virulent PDCoV strain OH-FD22, and the two chimeric viruses
lost intestinal tropism, replicated poorly in nasal cavity, and did not cause disease in pigs.
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Table 1. General litter information and clinical signs of piglets after inoculation.

. Inoculation . . Mean Cumulative . Peak Nasal RNA Peak Fecal RNA
Inoculation . Diarrhea Rate  Onset of Diarrhea . Duration of . . R .
Grou No. of Pigs Route (No. of (%) (dpi) ¢ Fecal Consistency Diarrhea (Days) 2 Shedding Titer (log;p Shedding Titer (logyo
P Pigs) ? P Score of Each Pig P-4 y Copies/mL) [dpi] ¢ Copies/mL) [dpi] ¢
icPDCoV 4 Oral (4) 100 A 1.50 + 0.58 278 £212 A 10.5 + 0.58 6.88 + 0.70 [2.5] 8.375 £+ 0.81 [1.5]
OH-FD22 3 Oral (3) 100 A 2.00 £ 0.00 1.88+1.76 A 10 + 0.00 6.85 £ 1.46 [2] 8.92 +0.25 [2]
icPDCoV-Spku17 5 Oral (3) 0B ND 022 +0.19B ND 6.06 + 1.42 [4] ND
U Oronasal (2) ’ ’ ’ ’
icPDCoV-RBDgy 2 Oral (2) 0B ND 0.5+0.00B ND 5.08[2] f ND
Mock 2 Oral (2) 0B ND 0.5+0.50B ND ND ND

2 ND, not detected. ® Different letters indicate a significant difference between groups (p < 0.05). Data were determined at 1 to 11 dpi. © Fecal consistency was scored as follows: 0, solid, 1, pasty, 2, semiliquid; and
3, liquid. Score of > 2 was considered diarrhea. ¢ Mean value = (sum of fecal consistency scores for each piglet)/N, where N is the number of surviving piglets in the period. Scores were calculated for piglets at 1
to5,7,9,and 11 dpi. € The detection limit of RT-qPCR is 4.8 log1p GE/mL. f Not enough data to calculate standard deviation.
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Figure 4. Evaluation of the replication and pathogenesis of recombinant viruses icPDCoV, icPDCoV-Spxy17 and icPDCoV-
RBDjgy in 4-day-old Gn piglets. OH-FD22 group was positive control. Each line represents the mean value of each group
and the values of individual Gn piglets are also shown: (A) Fecal consistency scores (0, solid; 1, pasty; 2, semiliquid; and 3,
liquid. score of >2 was considered diarrhea.), (B) Fecal PDCoV RNA shedding profile, (C) Nasal PDCoV RNA shedding
profile, and (D) Infectious PDCoV shedding titers from fecal samples.
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Figure 5. Villous height to crypt depth (VH:CD) ratios of piglets inoculated with recombinant viruses icPDCoV, icPDCoV-
Shxu17 or icPDCoV-RBDjsy. OH-FD22 and mock groups were controls. Groups with significant differences (**** p < 0.0001)
are indicated with different letters.
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Figure 6. Inmunohistochemistry staining of PDCoV N proteins in the enterocytes of duodenum,
jejunum, and ileum of piglets inoculated with OH-FD22 (A,E 1), icPDCoV (B,F,J), icPDCoV-Spxu17
(C,G/K), or icPDCoV-RBDjgyy (D,H,L) (magnification, 100x). The brown signals, indicated by arrows,
represent the PDCoV antigens in enterocytes and were observed in the OH-FD22- and icPDCoV-
inoculated, but not in icPDCoV-Syky17- or icPDCoV-RBDjgy-inoculated and mock piglets (data
not shown).

4. Discussion

PDCoV was first identified in swine in a surveillance study in 2012 [11], but its eti-
ological role in swine disease was not determined until 2014 [42]. In Feb 2014, PDCoV
infection was detected in five Ohio swine farms experiencing an outbreak of PEDV-like
diarrhea disease [42]. Once PDCoV was identified as the pathogenic cause of diarrheal
diseases in pigs in the United States, Wang et al. reported PDCoV positive pigs in nine of 10
major pig-producing US states, from which feces and intestine samples were collected [43].
Even though PDCoV does not cause high mortality in piglets as does PEDV, sick pigs
carrying virus may serve as spreaders potentially causing much more extensive transmis-
sion. As a potential emerging zoonotic pathogen [19], it is urgent to provide an advanced
platform for PDCoV research and vaccine development. The infectious full-length cDNA
based molecular clone for a US virulent PDCoV strain, OH-FD22, was constructed in this
study. Both the virulent parental PDCoV OH-FD22 strain and the infectious clone-derived
virus were highly pathogenic in neonatal Gn pigs. Thus, this infectious PDCoV clone
provides a platform for the assessment of viral gene function and the development of
live attenuated vaccines (LAVs). Upon the development of the reverse genetics platform,
we plan to expand research on this unique pathogen to (1) engineer mutants to examine
viral gene functions in vitro and in vivo, (2) develop recombinant viruses to investigate
the mechanisms of broad host ranges of DCoVs, and (3) develop LAV candidates against
PDCoV.

Although it is still unknown whether PDCoV was introduced into North America
following its emergence and circulation in Asia, where no association of infection with
clinical disease was reported [44], the decreased replication and pathogenicity in pigs
observed in Asia suggests that PDCoV has spilled over to swine recently from birds and
is incompletely adapted to pigs. In this study, chimeric PDCoVs carrying the S protein of
HKU17 or the RBD of ISU73347 SpDCoV strains, which are genetically closest to PDCoVs,
were generated to investigate whether such viruses can infect pigs. However, the chimeric
viruses with the intact S protein from ISU73347 were nonviable. Consequently, the RBD
from ISU73347 was used to design the chimeric virus and a viable icPDCoV-RBDjgy was
generated. This data suggests that HKU17 may be more closely related to PDCoV than
ISU73347 and the S gene from ISU73347 may play an ancestral role, compared with HKU17,
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for DCoV emergence in pigs. The experimental infection indicated that chimeric viruses
bearing the S gene or RBD from SpDCoVs do not replicate in the enteric tract of pigs as
PDCoV does, but interestingly the ability to replicate in the respiratory tract is retained.
Variations in CoV S gene leading to changes in host or tissue tropism have been well
characterized in other genera of CoVs. TGEV replicates more efficiently in the villus
epithelial cells of small intestine and less in the epithelial cells of the upper respiratory
tract; it causes severe enteric disease but not obvious respiratory symptoms as the first
swine enteropathogenic CoV [45]. PRCV, a naturally occurred genetic variant of TGEV, was
identified in 1984 [46]. However, PRCV is a non-enteropathogenic virus and exhibits robust
replication in the respiratory tract. Ballesteros et al. suggested that two nucleotide changes
at positions 214 and 655 of the S gene might be responsible for the loss of the enteric tropism
of the PTV-ts-mad TGEV strain [47]. However, the APN binding region of the RBD of PRCV
is retained and is identical to TGEV. Data from others indicated that loss of enteric tropism
of PRCV was due to loss of the sialic acid binding domain that is needed to retain intestinal
tropism and gut infection [48,49]. In our study, pigs inoculated with chimeric icPDCoVs did
not have diarrhea, detectable fecal viral shedding, or viral N protein in intestinal epithelial
cells, suggesting that chimeric viruses were non-enteropathogenic and the replaced S
protein or RBD from SpDCoV was responsible for the abolished tropism in the enteric tract.
In addition to tissue tropism changes caused by S protein mutation, various CoVs have
spilled over into a novel host upon S protein changes. For example, SARS-CoV, MERS-CoV,
and SARS-CoV-2 are zoonoses, in which bats serve as the original CoV gene source [50-52];
the intermediate hosts of which were civet cats [53], camels [54], and unknown animals [55],
respectively. Molecular clock analysis suggested that birds may be ideal hosts for the DCoV
gene source, which contributed to DCoV evolution, dissemination, and potential spillovers.
Although we did not observe robust viral replication in pigs inoculated with the chimeric
viruses with SpDCoV-origin S protein/RBD counterparts, those recombinant viruses did
replicate well in vitro on the pig-origin cell line LLC-PK1. The reason for these differences
may be that the SpDCoVs HKU17 and ISU73347 strains used as gene sources in this study
were not the direct donors for the S and RBD gene of PDCoV.

In our study, either an intact PDCoV S gene or the RBD was replaced by the SpDCoV
counterpart. CoV S protein can bind distinct host factors, serving as receptor or co-receptor,
to mediate viral entry. It has been well characterized that angiotensin-converting enzyme 2
(ACE2), dipeptidyl peptidase 4 (DPP4, CD26), and APN are the cellular receptors for SARS-
CoV/SARS-CoV-2/common cold human coronavirus NL63 (HCoV-NL63) [9,56], MERS-
CoV [57], and TGEV /PRCV /HCoV-229E/feline coronavirus (FCoV)/canine coronavirus
(CCoV)/feline infectious peritonitis virus (FIPV)/PDCoV [58], respectively. It is highly
possible that one or more critical sites within PDCoV S protein RBD are responsible for
the loss of enteric tropism, resulting in the altered tropism of chimeric icPDCoV-Sykuiy
and icPDCoV-RBDjsy. Additionally, the use of APN as the cellular receptor for chimeric
viral entry was changed upon S protein or RBD replacement. Our study further confirmed
that PDCoV can use other receptors besides APN to infect cells [19,21,22,27]. APN was
not needed for icPDCoV-Sykyi7 replication, suggesting that the S proteins from SpDCoV
HKU17 may utilize other cellular proteins as the receptor. Moreover, the viral replication
cycle is complex requiring various host factors to enable efficacious infection. Enhanced
icPDCoV-RBDygy infection upon APN-knockout in ST cells may also provide a clue for the
hypothesis that DCoVs can use a broad range of receptors, corresponding to its broad host
ranges and infection in both birds and multiple mammals [59].

Concerns have escalated about CoV cross-species spillovers, as the pandemic SARS-
CoV-2 jumped from bats or other mammals to humans, and are continually transmitted
from humans to other species, such as felids and mink [52,60,61]. PDCoV is hypothesized
to originate from avian species, possibly sparrows, that frequently congregate on pig
farms or contaminate pig feed sources with their droppings. Therefore, it is crucial to
understand the role of SpDCoVs in interspecies transmission of DCoV, which also serves as
a model for better understanding the molecular mechanisms of cross-species spillovers of
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CoVs. In summary, our study generated a reliable reverse genetics platform for a virulent
PDCoV OH-FD22 strain. Utilizing this platform, two chimeric viruses icPDCoV-Sykuiy
and icPDCoV-RBDjgy were constructed. They demonstrated an attenuated phenotype in
pigs with loss of tropism for the intestinal tract. It will be very interesting to next determine
whether these avian/swine chimeric viruses can still infect poultry.

Author Contributions: Conceptualization, Y.J.H., L.].S., and Q.W.; methodology, Y.J.H., X.N., KJ.,
and Q.W.; validation, X.N., YJ.H., KJ.,, and EK,; formal analysis, X.N., YJ.H., and Q.W.;
writing—original draft preparation, X.N., Y.J.H., and Q.W.; writing—review and editing, X.N.,
YJ.H.,, QW, L].S. and KJ.; supervision, Q.W.; funding acquisition, Q.W. All authors have read and
agreed to the published version of the manuscript.

Funding: The project was partially supported by a SEEDS Grant (2020-009, Q.W., principal investiga-
tor) from College of Food, Agricultural and Environmental Sciences. Salaries and research support
were provided by state and federal funds appropriated to OARDC, The Ohio State University.

Institutional Review Board Statement: All experiments carried out in this study were approved by
the Institutional Animal Care and Use Committee (LACUC) of The Ohio State University (IACUC
Animal use protocol # 2019A00000020).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in this article and on
request from the corresponding author.

Acknowledgments: We appreciate Berend Jan Bosch at Utrecht University, the Netherlands for
providing the ST APN-KO cell line via Scott Kenney in FAHRP, The Ohio State University. We are
grateful to Eric Nelson at South Dakota State University for the mouse antibody SD6-29 against
PEDV N proteins. We thank Juliette Hanson, Ronna Wood, Megan Strother, Sara Tallmadge, Dennis
Hartzler, and Jeff Ogg for animal care assistance, and Xiaohong Wang and Jiayu Xu for technical
assistance.

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

References

1.  Haijema, B.J.; Volders, H.; Rottier, P.J.M. Switching Species Tropism: An Effective Way To Manipulate the Feline Coronavirus
Genome. |. Virol. 2003, 77, 4528-4538. [CrossRef]

2. Kuo, L; Godeke, G.-].; Raamsman, M.].B.; Masters, P.S.; Rottier, PJ.M. Retargeting of Coronavirus by Substitution of the Spike
Glycoprotein Ectodomain: Crossing the Host Cell Species Barrier. J. Virol. 2000, 74, 1393-1406. [CrossRef]

3. Sanchez, C.M.; Pascual-Iglesias, A.; Sola, I.; Zufiiga, S.; Enjuanes, L. Minimum Determinants of Transmissible Gastroenteritis
Virus Enteric Tropism Are Located in the N-Terminus of Spike Protein. Pathogens 2019, 9, 2. [CrossRef]

4. Li, W; Shi, Z.; Yu, M.; Ren, W.; Smith, C.; Epstein, ].H.; Wang, H.; Crameri, G.; Hu, Z.; Zhang, H.; et al. Bats are natural reservoirs
of SARS-like coronaviruses. Science 2005, 310, 676—679. [CrossRef]

5. The Chinese SARS Molecular Epidemiology Consortium. Molecular Evolution of the SARS Coronavirus During the Course of
the SARS Epidemic in China. Science 2004, 303, 1666-1669. [CrossRef]

6. Woo, PC; Lau, SK; Li, K.S,; Tsang, A.K,; Yuen, K.-Y. Genetic relatedness of the novel human group C betacoronavirus to
Tylonycteris bat coronavirus HKU4 and Pipistrellus bat coronavirus HKU5. Emerg. Microbes Infect. 2012, 1, 1-5. [CrossRef]

7. Ithete, N.L.; Stoffberg, S.; Corman, V.M.; Cottontail, V.M.; Richards, L.R.; Schoeman, M.C.; Drosten, C.; Drexler, ].E,; Preiser, W.
Close Relative of Human Middle East Respiratory Syndrome Coronavirus in Bat, South Africa. Emerg. Infect. Dis. 2013, 19,
1697-1699. [CrossRef] [PubMed]

8. Azhar, EI; El-Kafrawy, S.A.; Farraj, S.A.; Hassan, A.M.; Al-Saeed, M.S.; Hashem, A.M.; Madani, T.A. Evidence for Camel-to-
Human Transmission of MERS Coronavirus. N. Engl. |. Med. 2014, 370, 2499-2505. [CrossRef] [PubMed]

9. Zhou, P; Yang, X.-L.; Wang, X.-G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.-R.; Zhu, Y,; Li, B.; Huang, C.-L.; et al. A pneumonia
outbreak associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270-273. [CrossRef] [PubMed]

10. Lam, T.T.-Y; Jia, N.; Zhang, Y.-W.; Shum, M.H.-H,; Jiang, J.-F; Zhu, H.-C.; Tong, Y.-G.; Shi, Y.-X,; Ni, X.-B.; Liao, Y.-S.; et al.
Identifying SARS-CoV-2-related coronaviruses in Malayan pangolins. Nature 2020, 583, 282-285. [CrossRef]

11. Woo, PC; Lau, SK,; Lam, C.S,; Lau, C.C,; Tsang, AK,; Lau, ].H.; Bai, R;; Teng, J.L.; Tsang, C.C.; Wang, M.; et al. Discovery of

Seven Novel Mammalian and Avian Coronaviruses in the Genus Deltacoronavirus Supports Bat Coronaviruses as the Gene
Source of Alphacoronavirus and Betacoronavirus and Avian Coronaviruses as the Gene Source of Gammacoronavirus and
Deltacoronavirus. J. Virol. 2012, 86, 3995-4008. [PubMed]


http://doi.org/10.1128/JVI.77.8.4528-4538.2003
http://doi.org/10.1128/JVI.74.3.1393-1406.2000
http://doi.org/10.3390/pathogens9010002
http://doi.org/10.1126/science.1118391
http://doi.org/10.1126/science.1092002
http://doi.org/10.1038/emi.2012.45
http://doi.org/10.3201/eid1910.130946
http://www.ncbi.nlm.nih.gov/pubmed/24050621
http://doi.org/10.1056/NEJMoa1401505
http://www.ncbi.nlm.nih.gov/pubmed/24896817
http://doi.org/10.1038/s41586-020-2012-7
http://www.ncbi.nlm.nih.gov/pubmed/32015507
http://doi.org/10.1038/s41586-020-2169-0
http://www.ncbi.nlm.nih.gov/pubmed/22278237

Viruses 2021, 13, 122 14 of 15

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.
37.

38.

Jung, K; Hu, H.; Eyerly, B.; Lu, Z.; Chepngeno, J.; Saif, L.J. Pathogenicity of 2 Porcine Deltacoronavirus Strains in Gnotobiotic
Pigs. Emerg. Infect. Dis. 2015, 21, 650-654. [CrossRef] [PubMed]

Boley, P.A.; Alhamo, M.A.; Lossie, G.; Yadav, K.K.; Vasquez-Lee, M.; Saif, L.J.; Kenney, S.P. Porcine Deltacoronavirus Infection and
Transmission in Poultry, United States1. Emerg. Infect. Dis. 2020, 26, 255-265. [CrossRef] [PubMed]

Feare, C.J. Role of Wild Birds in the Spread of Highly Pathogenic Avian Influenza Virus H5N1 and Implications for Global
Surveillance. Avian Dis. 2010, 54, 201-212. [CrossRef]

Huang, Y; Li, Y;; Burt, D.W.,; Chen, H.; Zhang, Y.; Qian, W.; Kim, H.; Gan, S.; Zhao, Y,; Li, J.; et al. The duck genome and
transcriptome provide insight into an avian influenza virus reservoir species. Nat. Genet. 2013, 45, 776-783. [CrossRef]
Tsiodras, S.S.; Kelesidis, T.; Kelesidis, I.; Bauchinger, U.; Falagas, M.E. Human infections associated with wild birds. J. Infect. 2008,
56, 83-98. [CrossRef]

Hill, N.J.; Runstadler, J.A. A bird’s eye view of influenza A virus transmission: Challenges with characterizing both sides of a
co-evolutionary dynamic. Integr. Comp. Biol. 2016, 56, 304-316. [CrossRef]

Chen, Q.; Wang, L.; Yang, C.; Zheng, Y.; Gauger, P.C.; Anderson, TK.; Harmon, K.M.; Zhang, J.; Yoon, K.-].; Main, R.G; et al. The
emergence of novel sparrow deltacoronaviruses in the United States more closely related to porcine deltacoronaviruses than
sparrow deltacoronavirus HKU17. Emerg. Microbes Infect. 2018, 7, 1-4. [CrossRef]

Li, W.,; Hulswit, R.J.G.; Kenney, S.P.; Widjaja, I; Jung, K.; Alhamo, M.A.; Van Dieren, B.; Van Kuppeveld, F].M.; Saif, L.].; Bosch,
B.J. Broad receptor engagement of an emerging global coronavirus may potentiate its diverse cross-species transmissibility. Proc.
Natl. Acad. Sci. USA 2018, 115, E5135-E5143. [CrossRef]

Jung, K.; Vasquez-Lee, M.; Saif, L. Replicative capacity of porcine deltacoronavirus and porcine epidemic diarrhea virus in
primary bovine mesenchymal cells. Vet. Microbiol. 2020, 244, 108660. [CrossRef]

Wang, B,; Liu, Y; Ji, C.-M.,; Yang, Y.-L.; Liang, Q.-Z.; Zhao, P; Xu, L.-D.; Lei, X.-M.; Luo, W.-T.; Qin, P; et al. Porcine
Deltacoronavirus Engages the Transmissible Gastroenteritis Virus Functional Receptor Porcine Aminopeptidase N for Infectious
Cellular Entry. J. Virol. 2018, 92, e00318-18. [CrossRef] [PubMed]

Stoian, A.; Rowland, R.R.; Petrovan, V.; Sheahan, M.; Samuel, M.S.; Whitworth, K.M.; Wells, K.D.; Zhang, J.; Beaton, B.; Cigan,
M.; et al. The use of cells from ANPEP knockout pigs to evaluate the role of aminopeptidase N (APN) as a receptor for porcine
deltacoronavirus (PDCoV). Virology 2020, 541, 136-140. [CrossRef] [PubMed]

Jung, K.; Hu, H,; Saif, L. Calves are susceptible to infection with the newly emerged porcine deltacoronavirus, but not with the
swine enteric alphacoronavirus, porcine epidemic diarrhea virus. Arch. Virol. 2017, 162, 2357-2362. [CrossRef] [PubMed]

Li, G.; Chen, Q.; Harmon, K.M.; Yoon, K.-J.; Schwartz, K.J.; Hoogland, M.].; Gauger, P.C.; Main, R.G.; Zhang, ].J. Full-length
genome sequence of porcine deltacoronavirus strain USA /1A /2014/8734. Genome Announc. 2014, 2, e00278-14. [CrossRef]
Hulswit, R.; De Haan, C.; Bosch, B.-J. Coronavirus spike protein and tropism changes. In Advances In Virus Research; Elsevier:
Amsterdam, The Netherlands, 2016; Volume 96, pp. 29-57.

Gallagher, T.M.; Buchmeier, M.]. Coronavirus Spike Proteins in Viral Entry and Pathogenesis. Virology 2001, 279, 371-374.
[CrossRef] [PubMed]

Zhu, X,; Liu, S.; Wang, X.; Luo, Z.; Shi, Y.; Wang, D.; Peng, G.; Chen, H.; Fang, L.; Xiao, S. Contribution of porcine aminopeptidase
N to porcine deltacoronavirus infection. Emerg. Microbes Infect. 2018, 7, 1-13. [CrossRef]

Shang, J.; Zheng, Y.; Yang, Y; Liu, C.; Geng, Q.; Tai, W.; Du, L.; Zhou, Y.; Zhang, W.; Li, F. Cryo-electron microscopy structure of
porcine deltacoronavirus spike protein in the prefusion state. J. Virol. 2018, 92, e01556-17.

Sanchez, C.M.; Gebauer, F; Suiié, C.; Mendez, A.; Dopazo, J.; Enjuanes, L. Genetic evolution and tropism of transmissible
gastroenteritis coronaviruses. Virology 1992, 190, 92-105. [CrossRef]

Sanchez, C.M.; Izeta, A.; Sanchez-Morgado, J.M.; Alonso, S.; Sola, I.; Balasch, M.; Plana-Duran, J.; Enjuanes, L. Targeted
Recombination Demonstrates that the Spike Gene of Transmissible Gastroenteritis Coronavirus Is a Determinant of Its Enteric
Tropism and Virulence. ]. Virol. 1999, 73, 7607-7618.

Enjuanes, L.; Sanchez, C.; Gebauer, F.; Méndez, A.; Dopazo, ].; Ballesteros, M.L. Evolution and tropism of transmissible
gastroenteritis coronavirus. In Coronaviruses; Springer: Berlin/Heidelberg, Germany, 1994; pp. 35-42.

Cavanagh, D. The coronavirus surface glycoprotein. In The Coronaviridae; Springer: Berlin/Heidelberg, Germany, 1995; pp. 73-113.
Hu, H.; Jung, K.; Vlasova, A.N.; Chepngeno, J.; Lu, Z.; Wang, Q.; Saif, L. Isolation and Characterization of Porcine Deltacoronavirus
from Pigs with Diarrhea in the United States. |. Clin. Microbiol. 2015, 53, 1537-1548. [CrossRef]

Beall, A.; Yount, B.; Lin, C.-M.; Hou, Y.; Wang, Q.; Saif, L.; Baric, R.S. Characterization of a Pathogenic Full-Length cDNA Clone
and Transmission Model for Porcine Epidemic Diarrhea Virus Strain PC22A. mBio 2016, 7, €01451-15. [CrossRef] [PubMed]
Oka, T.; Saif, L.; Marthaler, D.; Esseili, M.A.; Meulia, T.; Lin, C.-M.; Vlasova, A.N.; Jung, K.; Zhang, Y.; Wang, Q. Cell culture
isolation and sequence analysis of genetically diverse US porcine epidemic diarrhea virus strains including a novel strain with a
large deletion in the spike gene. Vet. Microbiol. 2014, 173, 258-269. [CrossRef] [PubMed]

Reed, L.J.; Muench, H. A simple method of estimating fifty per cent endpoints. Am. ]. Epidemiology 1938, 27, 493—497. [CrossRef]
Hou, Y,; Ke, H,; Kim, J.; Yoo, D.; Su, Y.; Boley, P.; Chepngeno, J.; Vlasova, A.N,; Saif, L.].; Wang, Q. Engineering a live attenuated
PEDV vaccine candidate via inactivation of the viral 2’-O methyltransferase and the endocytosis signal of the spike protein.
J. Virol. 2019, 93, e00406-19. [CrossRef]

Simkins, R.A.; Saif, L.].; Weilnau, P.A. Epitope mapping and the detection of transmissible gastroenteritis viral proteins in cell
culture using biotinylated monoclonal antibodies in a fixed-cell ELISA. Arch. Virol. 1989, 107, 179-190. [CrossRef]


http://doi.org/10.3201/eid2104.141859
http://www.ncbi.nlm.nih.gov/pubmed/25811229
http://doi.org/10.3201/eid2602.190346
http://www.ncbi.nlm.nih.gov/pubmed/31961296
http://doi.org/10.1637/8766-033109-ResNote.1
http://doi.org/10.1038/ng.2657
http://doi.org/10.1016/j.jinf.2007.11.001
http://doi.org/10.1093/icb/icw055
http://doi.org/10.1038/s41426-018-0108-z
http://doi.org/10.1073/pnas.1802879115
http://doi.org/10.1016/j.vetmic.2020.108660
http://doi.org/10.1128/JVI.00318-18
http://www.ncbi.nlm.nih.gov/pubmed/29618640
http://doi.org/10.1016/j.virol.2019.12.007
http://www.ncbi.nlm.nih.gov/pubmed/32056711
http://doi.org/10.1007/s00705-017-3351-z
http://www.ncbi.nlm.nih.gov/pubmed/28374120
http://doi.org/10.1128/genomeA.00278-14
http://doi.org/10.1006/viro.2000.0757
http://www.ncbi.nlm.nih.gov/pubmed/11162792
http://doi.org/10.1038/s41426-018-0068-3
http://doi.org/10.1016/0042-6822(92)91195-Z
http://doi.org/10.1128/JCM.00031-15
http://doi.org/10.1128/mBio.01451-15
http://www.ncbi.nlm.nih.gov/pubmed/26733065
http://doi.org/10.1016/j.vetmic.2014.08.012
http://www.ncbi.nlm.nih.gov/pubmed/25217400
http://doi.org/10.1093/oxfordjournals.aje.a118408
http://doi.org/10.1128/JVI.00406-19
http://doi.org/10.1007/BF01317915

Viruses 2021, 13, 122 15 of 15

39.

40.

41.

42.

43.
44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

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

Jung, K.; Wang, Q.; Scheuer, K.A.; Lu, Z.; Zhang, Y.; Saif, L.]. Pathology of US Porcine Epidemic Diarrhea Virus Strain PC21A in
Gnotobiotic Pigs. Emerg. Infect. Dis. 2014, 20, 662. [CrossRef]

Li, Y.; Wu, Q.; Huang, L.; Yuan, C.; Wang, J.; Yang, Q. An alternative pathway of enteric PEDV dissemination from nasal cavity to
intestinal mucosa in swine. Nat. Commun. 2018, 9, 3811. [CrossRef]

Wang, L.; Byrum, B.; Zhang, Y. Detection and genetic characterization of deltacoronavirus in pigs, Ohio, USA, 2014. Emerg.
Infecious Dis. 2014, 20, 1227. [CrossRef]

Wang, L.; Byrum, B.; Zhang, Y. Porcine coronavirus HKU15 detected in 9 US states. Emerg. Infecious Dis. 2014, 20, 1594. [CrossRef]
Ma, Y.,; Zhang, Y.; Liang, X.; Lou, F.; Oglesbee, M.; Krakowka, S.; Li, J. Origin, Evolution, and Virulence of Porcine Deltacoron-
aviruses in the United States. mBio 2015, 6, e00064-15. [CrossRef] [PubMed]

Doyle, L.P,; Hutchings, L.M. A transmissible gastroenteritis in pigs. J. Am. Vet. Med. Assoc. 1946, 108, 257-259.

Pensaert, M.; Callebaut, P.; Vergote, J. Isolation of a porcine respiratory, non-enteric coronavirus related to transmissible
gastroenteritis. Vet. Q. 1986, 8, 257-261. [CrossRef]

Ballesteros, M.; Sanchez, C.; Enjuanes, L. Two amino acid changes at the N-terminus of transmissible gastroenteritis coronavirus
spike protein result in the loss of enteric tropism. Virology 1997, 227, 378-388. [CrossRef] [PubMed]

Schultze, B.; Krempl, C.; Ballesteros, M.L.; Shaw, L.; Schauer, R.; Enjuanes, L.; Herrler, G. Transmissible gastroenteritis coronavirus,
but not the related porcine respiratory coronavirus, has a sialic acid (N-glycolylneuraminic acid) binding activity. J. Virol. 1996,
70, 5634-5637. [CrossRef]

Krempl, C.; Ballesteros, M.-L.; Zimmer, G.; Enjuanes, L.; Klenk, H.-D.; Herrler, G. Characterization of the sialic acid binding
activity of transmissible gastroenteritis coronavirus by analysis of haemagglutination-deficient mutants. Microbiology 2000, 81,
489-496. [CrossRef]

Ge, X.-Y,; Li, J.-L.; Yang, X.-L.; Chmura, A.A.; Zhu, G.; Epstein, ].H.; Mazet, ].K,; Hu, B.; Zhang, W.; Peng, C.; et al. Isolation and
characterization of a bat SARS-like coronavirus that uses the ACE2 receptor. Nature 2013, 503, 535-538. [CrossRef]

Wang, Q.; Qi, J.; Yuan, Y.; Xuan, Y.; Han, P; Wan, Y; Ji, W.; Li, Y.; Wu, Y,; Wang, ].; et al. Bat origins of MERS-CoV supported by
bat coronavirus HKU4 usage of human receptor CD26. Cell Host Microbe 2014, 16, 328-337. [CrossRef]

Andersen, K.G.; Rambaut, A.; Lipkin, W.I.; Holmes, E.C.; Garry, R.E. The proximal origin of SARS-CoV-2. Nat. Med. 2020, 26,
450-452. [CrossRef]

Woo, P.C.Y;; Huang, Y.; Lau, S.K.P; Yuen, K.-Y. Coronavirus Genomics and Bioinformatics Analysis. Viruses 2010, 2, 1804-1820.
[CrossRef]

Killerby, M.E.; Biggs, H.M.; Midgley, C.M.; Gerber, S.I.; Watson, ].T. Middle East Respiratory Syndrome Coronavirus Transmission.
Emerg. Infect. Dis. 2020, 26, 191-198. [CrossRef] [PubMed]

Li, X.; Zai, J.; Zhao, Q.; Nie, Q.; Li, Y.; Foley, B.T.; Chaillon, A. Evolutionary history, potential intermediate animal host, and
cross-species analyses of SARS-CoV-2. . Med. Virol. 2020, 92, 602-611. [CrossRef] [PubMed]

Li, W.; Moore, M.].; Vasilieva, N.; Sui, J.; Wong, S.K.; Berne, M.A.; Somasundaran, M.; Sullivan, J.L.; Luzuriaga, K.; Greenough,
T.C.; et al. Angiotensin-converting enzyme 2 is a functional receptor for the SARS coronavirus. Nature 2003, 426, 450-454.
[CrossRef] [PubMed]

Raj, V.S.; Mou, H.; Smits, S.L.; Dekkers, D.H.W.; Miiller, M.A.; Dijkman, R.; Muth, D.; Demmers, ].A.A.; Zaki, A.; Fouchier, R A.M.;
et al. Dipeptidyl peptidase 4 is a functional receptor for the emerging human coronavirus-EMC. Nature 2013, 495, 251-254.
[CrossRef] [PubMed]

Wang, Q.; Vlasova, A.N.; Kenney, S.P; Saif, L.]. Emerging and re-emerging coronaviruses in pigs. Curr. Opin. Virol. 2019, 34,
39-49. [CrossRef] [PubMed]

Vlasova, A.N.; Kenney, S.P.;; Jung, K.; Wang, Q.; Saif, L.J. Deltacoronavirus evolution and transmission: Current scenario and
evolutionary perspectives. Front. Vet. Sci. 2021, 7, 1257.

Oreshkova, N.; Molenaar, R.].; Vreman, S.; Harders, F.; Munnink, B.B.O.; Hakze-van der Honing, R.W.; Gerhards, N.; Tolsma, P.;
Bouwstra, R.; Sikkema, R.S.; et al. SARS-CoV-2 infection in farmed minks, the Netherlands, April and May 2020. Eurosurveillance
2020, 25, 2001005. [CrossRef]

Halfmann, PJ.; Hatta, M.; Chiba, S.; Maemura, T.; Fan, S.; Takeda, M.; Kinoshita, N.; Hattori, S.-1.; Sakai-Tagawa, Y.; Iwatsuki-
Horimoto, K.J. Transmission of SARS-CoV-2 in domestic cats. N. Engl. ]. Med. 2020, 383, 592-594. [CrossRef]


http://doi.org/10.3201/eid2008.140526
http://doi.org/10.3201/eid2004.131685
http://doi.org/10.1038/s41467-018-06056-w
http://doi.org/10.3201/eid2007.140296
http://doi.org/10.3201/eid2009.140756
http://doi.org/10.1128/mBio.00064-15
http://www.ncbi.nlm.nih.gov/pubmed/25759498
http://doi.org/10.1080/01652176.1986.9694050
http://doi.org/10.1006/viro.1996.8344
http://www.ncbi.nlm.nih.gov/pubmed/9018137
http://doi.org/10.1128/JVI.70.8.5634-5637.1996
http://doi.org/10.1099/0022-1317-81-2-489
http://doi.org/10.1038/nature12711
http://doi.org/10.1016/j.chom.2014.08.009
http://doi.org/10.1038/s41591-020-0820-9
http://doi.org/10.3390/v2081803
http://doi.org/10.3201/eid2602.190697
http://www.ncbi.nlm.nih.gov/pubmed/31961300
http://doi.org/10.1002/jmv.25731
http://www.ncbi.nlm.nih.gov/pubmed/32104911
http://doi.org/10.1038/nature02145
http://www.ncbi.nlm.nih.gov/pubmed/14647384
http://doi.org/10.1038/nature12005
http://www.ncbi.nlm.nih.gov/pubmed/23486063
http://doi.org/10.1016/j.coviro.2018.12.001
http://www.ncbi.nlm.nih.gov/pubmed/30654269
http://doi.org/10.2807/1560-7917.ES.2020.25.23.2001005
http://doi.org/10.1056/NEJMc2013400

	Introduction 
	Materials and Methods 
	Cell Lines and Viruses 
	Structural Modeling 
	Construction of the Full-Length cDNA Clone of OH-FD22 and the Recovery of Recombinant Viruses 
	Plaque Assay 
	Viral Growth Kinetics 
	Infection of the Recombinant Viruses in Wildtype ST (ST-WT) Cells and ST-APN-KO Cells 
	Study Design of the Experimental Infection of Gn Pigs 
	RNA Extraction, Sequencing, and TaqMan Real-Time Reverse-Transcription Quantitative PCR (RT-qPCR) 
	Immunohistochemistry (IHC) and Immunofluorescent IF Staining 
	Statistical Analysis 

	Results 
	Recombinant Viruses Were Rescued and Characterized in Cell Culture 
	Recombinant icPDCoVs with Distinct S Counterparts Differed in Their Replication in APN-KO Cells 
	icPDCoV Showed Comparable Pathogenesis in Neonatal Gn Pigs as OH-FD22 and Chimeric Mutants Exhibited Nasal but Not Fecal Viral RNA Shedding 

	Discussion 
	References

