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ABSTRACT Coronaviruses (CoVs) have repeatedly emerged from wildlife hosts and
infected humans and livestock animals to cause epidemics with significant morbidity
and mortality. CoVs infect various organs, including respiratory and enteric systems,
as exemplified by newly emerged severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). The constellation of viral factors that contribute to developing enteric
disease remains elusive. Here, we investigated CoV interferon antagonists for their
contribution to enteric pathogenesis. Using an infectious clone of an enteric CoV,
porcine epidemic diarrhea virus (icPEDV), we generated viruses with inactive versions
of interferon antagonist nonstructural protein 1 (nsp1), nsp15, and nsp16 individu-
ally or combined into one virus designated icPEDV-mut4. Interferon-responsive PK1
cells were infected with these viruses and produced higher levels of interferon re-
sponses than were seen with wild-type icPEDV infection. icPEDV-mut4 elicited robust
interferon responses and was severely impaired for replication in PK1 cells. To
evaluate viral pathogenesis, piglets were infected with either icPEDV or icPEDV-
mut4. While the icPEDV-infected piglets exhibited clinical disease, the icPEDV-mut4-
infected piglets showed no clinical symptoms and exhibited normal intestinal pa-
thology at day 2 postinfection. icPEDV-mut4 replicated in the intestinal tract, as
revealed by detection of viral RNA in fecal swabs, with sequence analysis document-
ing genetic stability of the input strain. Importantly, icPEDV-mut4 infection elicited
IgG and neutralizing antibody responses to PEDV. These results identify nsp1, nsp15,
and nsp16 as virulence factors that contribute to the development of PEDV-induced
diarrhea in swine. Inactivation of these CoV interferon antagonists is a rational ap-
proach for generating candidate vaccines to prevent disease and spread of enteric
CoVs, including SARS-CoV-2.

IMPORTANCE Emerging coronaviruses, including SARS-CoV-2 and porcine CoVs, can
infect enterocytes, cause diarrhea, and be shed in the feces. New approaches are
needed to understand enteric pathogenesis and to develop vaccines and therapeu-
tics to prevent the spread of these viruses. Here, we exploited a reverse genetic sys-
tem for an enteric CoV, porcine epidemic diarrhea virus (PEDV), and outline an ap-
proach of genetically inactivating highly conserved viral factors known to limit the
host innate immune response to infection. Our report reveals that generating PEDV
with inactive versions of three viral interferon antagonists, nonstructural proteins 1,
15, and 16, results in a highly attenuated virus that does not cause diarrhea in ani-
mals and elicits a neutralizing antibody response in virus-infected animals. This strat-
egy may be useful for generating live attenuated vaccine candidates that prevent
disease and fecal spread of enteric CoVs, including SARS-CoV-2.
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Coronaviruses (CoVs) have repeatedly emerged from wildlife hosts and infected
humans and livestock animals to cause epidemics with significant morbidity and

mortality. The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) in 2019 and the rapid, global spread of infection in humans highlight the need
for developing therapeutics and vaccines to limit coronavirus pandemics (1–3). By
leveraging knowledge from studies of model systems of coronavirus infection and
pathogenesis, we can develop and apply strategies that limit replication and spread of
coronavirus infections in humans and other animals. Here, we describe the use of an
enteric coronavirus that infects swine and our approach of inactivating highly con-
served regions of this coronavirus with the goal of limiting virus replication in infected
animals and eliciting neutralizing antibody responses.

Porcine epidemic diarrhea virus (PEDV) belongs to the family Coronaviridae in the
order Nidovirales. The members of this family of viruses all have large (�30-kb),
positive-sense RNA genomes encapsidated by nucleocapsid (N) protein and enveloped
by host membranes modified by viral structural proteins designated envelope (E),
membrane (M), and spike (S). The spike protein gives the virus the typical crown-like
appearance when visualized by electron microscopy (2). The spike protein engages the
host receptor and mediates fusion of the viral and host membranes, allowing entry of
the viral genomic RNA into the cytoplasm of the cell. CoV genomic RNA is translated to
generate a large polyprotein that is processed into 15 or 16 nonstructural proteins
(nsps) that assemble together to make the double membrane vesicle (DMV) replication
complex (4, 5). These nsps were initially proposed to function exclusively in the
replication and transcription of viral RNA (vRNA). However, recent studies revealed that
many of these proteins are multifunctional and play important roles in limiting the host
response to virus infection by acting as antagonists of the host type I and type III
interferon (IFN) responses (reviewed in reference 6). Type I IFNs (alpha IFN [IFN-�] and
IFN-�) and type III IFNs (IFN-�) work in an autocrine fashion and in a paracrine fashion
to induce an antiviral state by expressing interferon-stimulated genes (ISGs) that limit
replication of coronaviruses (7). Studies performed by Channappanavar and coworkers
documented that this virus-mediated delay in the host interferon response during
infection contributes to more-severe disease (8, 9). Understanding the mechanisms
used by viruses to delay the host innate immune response and inactivating these viral
mechanisms may provide new targets for antiviral therapeutics and new approaches
for generating vaccines.

We and others are developing and testing strategies of inactivating coronavirus
interferon antagonists to reduce viral pathogenesis and generate candidate live atten-
uated virus vaccines (10–14). Menachery and coworkers showed that inactivating the
highly conserved CoV 2=-O-methyltransferase (MTase) enzyme in nsp16 results in virus
that activates the host interferon response, is attenuated in animals, and elicits a
protective immune response to Middle East respiratory syndrome CoV (MERS-CoV) (12).
Hou and coworkers showed that inactivating nsp16 in combination with a deletion in
the spike glycoprotein in the PEDV-PC22A strain generated a virus that exhibited
reduced pathogenesis but that still caused diarrhea in piglets (14). We wanted to
extend these studies and determine if inactivating multiple antagonists would affect
replication and pathogenicity of PEDV. Currently, it is unclear if inactivating multiple
CoV antagonists in the context of an enteric infection would impact the disease and the
host immune response to infection.

We also wanted to evaluate the role of a highly conserved replicase interferon
antagonist, the endoribonuclease (EndoU) contained within nsp15. The rationale for
investigating EndoU as a virulence factor stems from promising results obtained using
the murine coronavirus, mouse hepatitis virus (MHV). We generated MHV with a
mutation in a catalytic histidine residue of EndoU and found that this virus replicated
as well as wild-type (WT) virus in interferon-nonresponsive cells, revealing that EndoU
activity was not required for CoV replication. We found that EndoU-mutant murine
coronavirus elicited a robust type I interferon response in interferon-responsive mac-
rophages, caused no clinical disease, and elicited a protective immune response in mice
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(10, 15). These results documented the critical role of EndoU activity in the pathogen-
esis of the murine coronavirus. To determine if EndoU activity played a role as a
virulence factor in other CoVs, we initiated studies using PEDV. We found that inacti-
vating EndoU/nsp15 in PEDV was sufficient to elicit both type I and type III interferon
responses from infected cells and to reduce clinical disease in infect piglets (11).
However, the inactivation of this single interferon antagonist was not sufficient to fully
attenuate PEDV, as the infected piglets still exhibited some diarrhea (11). In addition,
the PEDV nsp1 (F44A) mutation was shown to reduce the ability of nsp1 to antagonize
innate immune responses in an overexpression system in cultured cells (16, 17), but the
effect of this mutation in the context of virus replication was unknown. We reasoned
that inactivation of multiple interferon antagonists should be evaluated as an approach
for attenuating enteric CoVs.

Here, we evaluate the role of three CoV interferon antagonists, nsp1, nsp15, and
nsp16, as virulence factors in the replication and pathogenesis of PEDV. We used
reverse genetics to generate isogenic viruses that contained mutations that inactivated
residues known to be essential for interferon antagonism. We evaluated these mutant
viruses for their ability to elicit type I and type III interferon responses in cell culture, and
the most promising candidate was selected for an animal study to evaluate clinical
signs of disease and neutralizing antibody response in piglets.

RESULTS
Generating interferon antagonist mutant strains of PEDV-Colorado. We previ-

ously documented our use of reverse genetics to generate an infectious clone of the
wild-type PEDV-Colorado strain and a strain containing a mutation in the catalytic
histidine residue (H226A) of endoribonuclease/nsp15 that inactivates enzyme activity.
These viruses were designated icPEDV-WT and icPEDV-EnUmt (11). We found that
icPEDV-EnUmt generated an earlier and more robust interferon response in cell culture
than the wild-type virus and was attenuated in piglets. Using the same strategy of
incorporating mutations to inactivate IFN antagonists, we generated three new viruses
that contain mutations in nsp1 or nsp15 or nsp16 (Fig. 1). We incorporated the nsp1
F44A mutation that had previously been documented to inactivate IFN antagonism (16)
and designated this virus icPEDV-Nsp1mt. Regarding the nsp16 mutation, Hou and
coworkers working with porcine CoV 22A found that a single alanine substitution
(underlined) in the KDKE catalytic site of the 2=-O-methyltransferase resulted in a
replication-competent strain of PEDV, whereas substitution of all four catalytic site
residues resulted in lower levels of PEDV replication in Vero cells (14). Here, we
incorporated the single alanine substitution in the catalytic D129 site of nsp16 in the
PEDV-Colorado strain, designated icPEDV-Nsp16mt. Finally, we incorporated the mu-
tations in Nsp1 and Nsp16 with mutations that inactivate both catalytic histidine
residues (H226A and H241A) of nsp15 into one virus and designated that virus
icPEDV-mut4. We abbreviate the designations for these icPEDVs in the remaining
figures in this paper as follows: WT, Nsp1mt, EnUmt, Nsp16mt, and mut4.

Evaluating replication of IFN antagonist mutant viruses in Vero cells and PK1
cells. We previously reported that inactivating EndoU by mutating catalytic histidine
residue H226A had no effect on virus replication in interferon-nonresponsive Vero cells
but that replication was reduced in interferon-responsive PK1 cells (11). To determine
whether the mutation(s) that we introduced had any effect on virus replication, we
compared the replication kinetics of the viruses in Vero cells over 72 h. As expected, we
found that all four of the mutant viruses replicated efficiently in Vero cells, with kinetics
that were similar to those seen with WT PEDV (Fig. 2A). These results are consistent with
the concept that interferon antagonists are not required for virus replication in
interferon-nonresponsive cells. In contrast to the results in Vero cells, we found that the
levels of replication of EnUmt and mut4 were significantly reduced in PK1 cells, with
mut4 replication reduced by 1,000-fold compared to WT PEDV (Fig. 2B). Since PK1 cells
are interferon responsive, we hypothesized that the mutant viruses were activating the
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expression of type I and type III interferons and interferon-responsive genes (ISGs),
which limited the production of infectious virus progeny over time.

Evaluating the kinetics of the IFN response in PEDV-infected PK1 cells. We
showed that PK1 cells respond to PEDV infection by activating the transcription of
interferons (type I IFN-� and type III IFN-�) and interferon-stimulated genes, such as
ISG54 (11). To determine if inactivating multiple CoV interferon antagonists affected the

FIG 1 Schematic diagram of the genome organization of PEDV and positions of nucleotide changes made in
icPEDV mutant viruses. (A) Schematic diagram of the genome organization of PEDV, with nonstructural proteins 1,
15, and 16 highlighted in gray. (B) Location of nucleotide sequence targeted for mutagenesis. The resulting change
in the amino acid sequence is listed. For reference, Zhang et al. reported that the mutation F44A in Nsp1 reduced
interferon antagonism in an overexpression system (16), and Hou et al. reported that mutation of Nsp16 in PEDV
strain PC22A was attenuating in piglets (14). (See also Deng et al. [11].)

FIG 2 Evaluating the growth kinetics of icPEDV wild-type and nsp-mutant viruses in Vero cells and PK1 cells. (A) Vero cells or (B) PK1 cells were infected with
designated virus at a dose of 0.1 TCID50 per cell. Cell culture supernatants were collected at the indicated hours postinfection (HPI). The titer of infectious virus
in the supernatant was determined in Vero cells using a TCID50 assay performed in triplicate, and the results show the means � standard deviations (SD). Data
sets at the same time point were analyzed with an unpaired t test. Asterisks indicate that the results of between-group comparisons of the data sets obtained
at 48, 56, and 72 HPI were statistically significant as follows: *, P � 0.05; ***, P � 0.001.
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IFN response to infection, we infected PK1 cells with the designated virus, incubated
the infected cells for 24 h, harvested RNA from the cells, and performed real-time
reverse transcription-quantitative PCR (RT-qPCR) to evaluate the levels of expression of
IFNs and ISG54 and the viral nucleocapsid (N) RNA. We compared the relative levels of
expression of the target mRNA and of porcine GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) mRNA, assigned the level of expression in PEDV-WT-infected cells a
value of 1, and determined the fold change in gene expression detected in the mutant
virus-infected cells. We found that the mutant virus-infected cells all had higher levels
of IFNs and ISG54 than the icPEDV-WT-infected cells (Fig. 3A to C). Cells infected with
icPEDV-EnUmt and the icPEDV-mut4 had the highest levels of IFN and ISG54 expres-
sion, with greater than 5-fold change compared to wild-type PEDV infected cells. We
also evaluated viral replication by monitoring levels of PEDV N gene mRNA (Fig. 3D). We
found that viral mRNA levels were significantly reduced in the mutant virus-infected
cells, with icPEDV-mut4 being the most impaired. We noted that there was a correlation
of high levels of IFN expression with reduced levels of viral RNA expression, consistent
with the concept that IFN expression in PK1 cells limits virus replication. Both icPEDV-
EnUmt and icPEDV-mut4 activated significantly higher levels of IFNs than the wild-type
virus, and significantly lower levels of infectious particles were produced from the
infected cells (Fig. 2B). Since nsp1, nsp15, and nsp16 possess distinct functions in
evading the host antiviral responses, it is possible that multiple mechanisms contribute
to the overall attenuation of virus replication in PK1 cells.

FIG 3 Evaluating the interferon responses to icPEDV infection in PK1 cells. PK1 cells were mock infected or infected with the
indicated strain of PEDV at a dose of 0.1 TCID50 per cell. At 24 HPI, cells were lysed to collect total RNA for cDNA synthesis,
and quantitative PCR was used to measure the relative levels of expression of the indicated mRNAs for IFN-� (A), IFN-�1 (B),
ISG54 (C), and the N gene (D). The level of gene expression in the wild-type-virus-infected samples was assigned a value of
1, and the fold change in expression is indicated relative to the PEDV wild-type-virus-infected sample. Values are presented
as means � SD and were analyzed by unpaired t test. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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Evaluating the replication and pathogenesis of icPEDV-mut4 in piglets. We
previously reported that inoculation of piglets with icPEDV-WT resulted in significant
disease and mortality in piglets and that inoculation with icPEDV-EnUmt was associated
with lower levels of virus shedding and no mortality (11). Our in vitro studies indicated
that icPEDV-mut4 induced levels of IFNs at 24 h postinfection similar to those induced
by icPEDV-EnUmt but that the titer of infectious icPEDV-mut4 was significantly reduced
in PK1 cells (Fig. 2B). Therefore, we wanted to evaluate the pathogenesis of icPEDV-
mut4 in piglets and compare the results to those seen with piglets inoculated with
icPEDV-WT. For these studies, 34 piglets from 3 sows were randomized into 3 groups
(Fig. 4A). Piglets were orally inoculated with the designated virus (500 50% tissue
culture infective doses [TCID50] per piglet) and monitored daily for signs of clinical
disease. Fecal swabs were obtained from each piglet and PEDV RNA levels were
determined by RT-qPCR. We found that the icPEDV-WT-infected piglets all had signs of
diarrhea (ranging from soft stool to watery diarrhea), as documented in the clinical
score (Fig. 4B). In contrast, similarly to the mock-infected animals, the icPEDV-mut4-
infected animals showed no clinical signs of disease. By evaluating the shedding of viral
RNA in the fecal swab, we found that there was a significant reduction in the level of
shedding in the icPEDV-mut4-infected animals compared to the icPEDV-WT-infected
animals (Fig. 4C). We detected an average of 1010 copies of PEDV RNA/ml in the fecal
swabs from icPEDV-WT-infected animals at day 2 postinfection compared to 104 copies

FIG 4 Experimental design and outcomes after PEDV infection. (A) A total of 34 piglets from 3 sows were randomly grouped to 3 groups.
These piglets were either mock infected or infected with icPEDV wild-type or icPEDV-mut4 virus. Blood samples were drawn prior to
infection and also at 21 days after infection. (B) Clinical symptoms were evaluated and scored daily. The score is based on the status of
feces and the overall appearance of each animal. Individual values and geometric means are presented. (C) Evaluating shedding of viral
RNA. RNA was isolated from rectal swab samples and subjected to quantitative PCR to determine the number of genomic RNA copies per
milliliter of sample. Individual values and geometric means are presented and were analyzed with unpaired t tests used for comparisons
between the groups at the same time point. *, P � 0.05.
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of PEDV RNA/ml in 1 of 11 piglets infected with icPEDV-mut4. The levels of virus
shedding were consistently 100 to 1,000 times lower in the fecal swabs of the
icPEDV-mut4-infected animals than in those of the icPEDV-WT-infected animals. The
level of PEDV RNA in the fecal swab was below the limit of detection by day 18
postinfection in the icPEDV-mut4-infected animals.

icPEDV-mut4 sequence is maintained during virus replication in piglets. To
determine if the icPEDV-mut4 sequence was maintained during virus replication in the
piglets, we generated amplicons that encompassed the 3 regions of interest with
specific primers (Table 1) and compared the sequence to that of icPEDV-WT. The RNA
was obtained from the fecal swabs taken on the last day that each of the 11 piglets was
PCR positive, which ranged from day 8 to day 12 postinfection. Amplicons for nsp1,
nsp15, and nsp16 were obtained from 7/11 fecal samples, while 4 samples did not
produce a product in testing under the same conditions, suggesting that viral RNA was
not present at sufficient quantities for efficient amplification of the replicase region. The
amplicons were subjected to sequence analysis. We found that all four of the mutations
engineered into the icPEDV-mut4 genome were maintained, even after 12 days of
replication in the piglet. Data representative of results of this analysis of amplicons
sequenced from one fecal sample are shown in Fig. 5. These results indicate that the
mutations introduced into nsp1, nsp15, and nsp16 were maintained during virus
replication in infected animals.

Pathological evaluation of icPEDV-WT and icPEDV-mut4 replication in intesti-
nal sites at day 2 postinfection. Histopathological examination of the jejunum section
(Fig. 6A) and ileum section (Fig. 6B) from the mock-infected control piglets and the
icPEDV-mut4-infected piglets revealed no significant pathological lesions in either
group. Intestinal villi were tall and lined by tall columnar epithelial cells. In contrast,
piglets infected with icPEDV-WT exhibited classical microscopic lesions within sections
of small intestine consisting of villus atrophy with degeneration and necrosis of villus
tip enterocytes. Villus tip enterocytes were swollen, were rounded to flattened in
appearance, and were often separated from the underlying lamina. The superficial
lamina was congested and contained a few neutrophils. Immunohistochemistry (IHC)

TABLE 1 PCR primers

Method Targeted site

Primer sequence (5=–3=)

Forward Reverse

Mutagenesis Nsp1-F44A TTTATGCAATGCCGTgcCGTGTCCTTCGATCT AGATCGAAGGACACGgcACGGCATTGCATAAA
Nsp15-H226A GATTACGGCTTTGAGgcCGTTGTGTATGGTGAT ATCACCATACACAACGgcCTCAAAGCCGTAATC
Nsp15-H241A ACCCTTGGTGGTTTGgccCTACTAATTTCGCAG CTGCGAAATTAGTAGggcCAAACCACCAAGGGT
Nsp16-D129A GATTTAGTTATATCTGcaATGTATGATGGTAAG CTTACCATCATACATtgCAGATATAACTAAATC

Mutation stability RT-PCR Nsp1: PEDV-210F/-627R AGACAAACAGCCTTCCTCCG ATGTTACCACCACGACGACC
Nsp15: PEDV-19071F/-19731R CGACTTTGAGGGTGACGTCT CCACAACATCCACCTCCACA
Nsp15: PEDV-18319F/-19712R CCAGAATTTTCTGTGGTCTGTCG GTCTGGAGTTTATGATCCTTACACCAC
Nsp16: PEDV-19923F/-19712R TGCGTGTGCTACATCTTGGT GTCAATCACAGCGCCACTTG

Mutation sequencing Nsp1: PEDV-235F/-549R GTCTGGGGGTTGTGTGGATA CAAATGTTTTTGGGGCGGCT
Nsp15: PEDV-19218F/-19637R TGGTGTCCCAGTTAACACACA TCGTCAAGCAGGAGATCCAT
Nsp16: PEDV-20028F/-20345R GTGTGGATTACGTTAGCGATGC AGAATGCCTCTGACGATGACG

aUnderlined sequence characters represent the codon of mutated amino acid; lowercase sequence characters represent the mutated nucleotides.

FIG 5 Mutation stability in icPEDV-mut4-infected piglets late in infection. The nucleotide sequences of regions of icPEDV-WT were compared to the
chromatograms and sequences generated for the icPEDV-mut4-infected piglets for each of the four mutations (nsp1-F44A; nsp15-H226A, nsp15-H226A, and
nsp16-D129A). The sequence shown was derived from one of seven piglets with identical results.
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was utilized to detect PEDV nucleocapsid protein in all groups (Fig. 6, lower panels).
Viral antigen was not detected by IHC within intestinal sections of the mock-infected
control piglets or the icPEDV-mut4-infected piglets. In contrast, viral antigen was
detected within mucosal epithelial cells of the icPEDV-WT-infected piglets. These results
document the dramatic differences in pathology seen at day 2 postinfection, which is
a time point typically used to document the rapid and robust infection and spread of
PEDV in the intestinal epithelial cells of piglets. Overall, we report delayed and reduced
fecal shedding and a remarkable reduction in tissue pathology seen after infection with
icPEDV-mut4 compared to what is typically revealed at day 2 postinfection in piglets
challenged with icPEDV-WT.

Infection with icPEDV-mut4 elicits virus-specific IgG serum antibodies with
neutralizing activity. To determine if the icPEDV-mut4-infected piglets generated an
antibody response to the infection, we obtained serum samples at day 21 postinfection
and used an immunofluorescence assay (IFA) to evaluate the level of IgG in response
to PEDV (18). We found that icPEDV-mut4-infected animals had significantly higher
levels of virus-specific IgG than the mock-infected animals (Fig. 7A). As expected, we
detected the highest titers of PEDV-specific IgG in the WT-infected piglets that exhib-
ited clinical symptoms of disease. To determine the titers of neutralizing antibodies, we
performed a virus-neutralizing (VN) assay as described previously (14, 19). Importantly,
the icPEDV-mut4-infected animals generated a robust neutralizing antibody response,
with an average titer of 1:256, whereas the VN titers of control sera were undetectable

FIG 6 Histology and IHC staining of uninfected control, icPEDV-WT-infected, and icPEDV-mut4-infected
piglet jejunum and ileum. Piglets were euthanized at day 2 postinfection. Images show representative
histological slides of (A) jejunum specimens (�10) and (B) ileum specimens (�4) showing H&E staining
and immunohistochemistry (IHC) staining using mouse anti-PEDV-N antibody.
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(Fig. 7B). The positive-control serum samples collected from the icPEDV-WT-infected
piglets contained high titers (average, 1:1,024 dilution) of neutralizing antibody. Taken
together, these results demonstrate that icPEDV-mut4 replicates in enterocytes and
elicits a neutralizing antibody response in the piglets without causing clinical signs of
disease.

DISCUSSION

Here, we report that inactivation of three independent coronavirus interferon
antagonists is a rational approach for attenuating a highly pathogenic, enteric coro-
navirus. Starting with a pathogenic strain of PEDV, we incorporated mutations into
known catalytic or essential sites of nonstructural proteins 1, 15, and 16 to generate
icPEDV-mut4. We found that this mutant virus replicated as efficiently as wild-type virus
in Vero cells but that it was highly impaired for replication in interferon-responsive
porcine kidney (PK) epithelial cells. We administered the parental strain and the mutant
strain to highly susceptible piglets and found that icPEDV-mut4-infected animals
exhibited no clinical signs of disease (diarrhea). Importantly, we found that icPEDV-
mut4 did replicate in the infected animals, as revealed by shedding of virus in the feces,
and elicited an adaptive immune response, as revealed by detection of virus-specific
IgG and neutralizing antibody in the serum at 21 day postinfection. Furthermore, the
genetic signature of icPEDV-mut4 was maintained in the viral RNA shed from the
infected animals. We conclude that inactivation of the three coronavirus interferon
antagonists is a rational approach for generating a live attenuated coronavirus vaccine
candidate strain.

Our findings revealing the delay in virus shedding until after day 2 postinfection (Fig.
4C) and the lack of detectable viral antigen in gut of icPEDV-mut4-infected animals (Fig.
6) were unexpected. Previously, we found that mutation of nsp15 alone reduced PEDV
shedding and mortality and that virus antigen was detected in the gut at day 7. Here,
we decided to look at day 2 postinfection, a time when viral antigen and pathology are
generally readily detected (19, 20). Interestingly, we noted that only 1 of the 11
icPEDV-mut4-infected animals had a level of shedding that was above the limit of
detection and that neither of the 2 animals euthanized for pathological studies had
notable tissue pathology or detectable levels of viral antigen. These results document
the profound attenuation of icPEDV-mut4 in piglets. The detection of viral RNA from
day 3 to day 16 in the piglets provides evidence that the mutant virus does replicate
in vivo, albeit at a relatively low level compared to the wild-type virus infection. This low
level of virus replication is likely essential for generating the adaptive immune response

FIG 7 Virus-specific IgG titer and neutralizing antibody titer in sera collected from piglets infected with icPEDV-WT
or icPEDV-mut4. (A) Fluorescence-linked immunosorbent assay (FLISA) was used to determine the PEDV-specific
IgG titer. Briefly, PEDV-infected Vero cells were fixed with ethanol/acetone (1:1) and then incubated with serially
diluted porcine sera. The highest dilution of serum that produced positive signal was determined as the FLISA titer.
(B) Virus neutralizing (VN) antibody titers in sera collected 21 dpi. (See details in Materials and Methods). Each value
and means � standard errors of the means (SEM) are presented. *, P � 0.05; **, P � 0.01. Dashed horizontal lines
represent the limit of detection.
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that we detected as virus-specific IgG and neutralizing antibody responses (Fig. 7).
Future studies will determine if the level of the adaptive response to icPEDV-mut4
infection is sufficient to protect from homologous or heterologous challenge with
PEDV.

Recent advances in the ability to engineer live attenuated viruses and prevent
reversion to virulence have stimulated renewed interest in the use of this classic type
of vaccine (21). Here, we show that the mutations engineered into icPEDV-mut4 were
maintained in the viral RNA shed in the feces at late times postinfection. The presence
of four mutations in the genome likely reduces the potential for reversion to virulence,
but this has yet to be formally tested. To reduce the potential for a CoV live attenuated
vaccine to undergo recombination that could restore virulence, changes in the tran-
scriptional regulatory sequences could be incorporated into the engineered vaccine
strain that would eliminate the potential for successful recombination with endemic
CoVs (22). These advances in engineering live attenuated vaccines offer an opportunity
to generate designer vaccines that can efficiently induce mucosal immunity.

This approach of inactivating a viral interferon antagonist to attenuate pathogenic
viruses has been successful for diverse viruses, including poxviruses (23, 24), influenza
viruses (25, 26), and flaviviruses (27). This approach relies on the ability of the mutant
virus to activate the host innate immune response, predominantly manifesting as type
I and type III IFNs. The IFNs and interferon-stimulated genes (ISGs) generate a hostile
environment that limits virus replication while still allowing sufficient virus replication
to activate the adaptive immune response. The challenge in applying this approach to
coronaviruses has been the difficulty of identifying a key antagonist, or a constellation
of antagonists, to inactivate such that the virus replicates at a level that elicits a
protective response without causing any clinical disease.

Our study focused on three conserved coronavirus interferon antagonists, nsp1,
nsp15, and nsp16. These antagonists were selected because previous studies docu-
mented that mutating specific residues was sufficient to disrupt the antagonistic
activity of the protein. Nsp1 is highly divergent among coronaviruses, and only alpha-
coronavirus and betacoronavirus strains encode it (28, 29). The nsp1 of alphacorona-
virus is about 110 amino acids in length (versus the approximately 170 to 245 amino
acids of betacoronavirus nsp1) and shares low sequence similarity with betacoronavirus
nsp1 (30). Nsp1 is a multifunctional antagonist that blocks innate immune responses
(reviewed previously [31]). Previous studies used overexpression of PEDV nsp1 to
identify key residues required for disrupting interferon antagonism (16, 17), although
the exact mechanism used by PEDV nsp1 has not yet been elucidated (31). Our studies
demonstrated that the F44A mutation of PEDV nsp1 in the context of virus replication
resulted in an elevated interferon response in comparison to the WT infection (Fig. 3).
Thus, PEDV nsp1 is an interferon antagonist.

Nsp16 is a 2=-O-methyltransferase that is important for modifying the viral RNA to
mimic the methylation found in host mRNA, thus evading sensing by host pattern
recognition receptors (32). Leveraging previous work on PEDV nsp16 (14), we gener-
ated the nsp16 D129A mutant virus for our studies, as this change is sufficient to
disrupt interferon antagonism activity, as shown in Fig. 3 and in previous studies (14,
32), without compromising efficient virus replication in Vero cells (Fig. 2A).

Our third target for inactivation of a viral interferon antagonist was nsp15. Nsp15 is
a viral endoribonuclease that, as we recently reported (33), targets the poly uridine
residues at the 5= end of the negative-sense RNA. EndoU activity trims the viral
negative-sense RNA such that it is not recognized by the MDA5 host pattern recogni-
tion receptor. The structure of CoV endoribonuclease has been solved, revealing two
required histidine residues in the catalytic sites, and mutation of either of these
histidine residues to alanine inactivates the enzyme (34–37). For this study, we targeted
the two required catalytic histidine residues of nsp15 (H226A and H241A) and incor-
porated those mutations in combination with the mutations in nsp1 and nsp16. The
combination mutant virus, icPEDV-mut4, replicated efficiently in Vero cells, elicited a
robust type I and III IFN response in PK1 cells with limited virus replication, and was
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highly attenuated when administered to naive piglets. This mutant virus was able to
replicate in enterocytes to a sufficient level to elicit an adaptive immune response, as
documented by the presence of virus-specific IgG and neutralizing antibody in the
serum.

The results of this study are in agreement with those of previous studies performed
using mouse-adapted versions of SARS-CoV and MERS-CoV that documented the
efficacy of combination attenuation strategies for generating live attenuated corona-
virus vaccines (13, 38, 39). Those studies focused on the combination of inactivation of
nsp16 (MTase) and ExoN (proofreading activity) as a strategy that could be leveraged
as a platform for generating vaccines for emerging coronaviruses. Our studies comple-
ment and extend these studies by using an enteric CoV model system, the porcine
coronavirus PEDV, and infection of piglets.

Our use of a model system where the coronavirus replicates in enterocytes and
causes diarrhea will be informative for studying SARS-CoV-2, which has also caused
symptoms of diarrhea and evidence of shedding in the feces (40–43). Recent studies
documented the replication of SARS-CoV-2 in human gut enterocytes (44, 45). Further-
more, fecal shedding of SARS-CoV-2 can occur for many days, even after the virus is no
longer detected in the upper respiratory tract of patients (46, 47). It is likely that
SARS-CoV-2 emerged either directly or indirectly from a virus reservoir in bats (2), where
the virus replicates in the enteric tract. Understanding the virulence factors that allow
coronavirus replication in the enteric tract, such as nsp1, nsp15, and nsp16, is critical for
generating effective candidate vaccines.

The results presented here describe a candidate vaccine strain that will have to
undergo rigorous evaluation to determine if it elicits a protective response to challenge
virus and to determine the genetic stability of the virus during passage in animals. Our
future studies will be aimed at determining the dose of icPEDV-mut4 required to elicit
responses that protect animals from homologous strains of PEDV and potentially from
heterologous challenge from more-diverse strains of PEDV. In addition, it will be
important to evaluate the genetic stability of icPEDV-mut4 during passage, particularly
the potential for a virus with 4 mutations to revert to virulence during passage in
animals. Finally, any candidate vaccine strains will need to be made resistant to RNA
recombination with exiting strains. Graham and coworkers outlined a strategy that
rewires the coronavirus transcriptional regulatory sequences that could be applied to
any candidate live attenuated coronavirus vaccines (22). Using synthetic biology, any
promising candidate vaccine can be rewired to significantly reduce the likelihood of
recombination with existing coronaviruses. Overall, our studies revealed the critical role
of coronavirus interferon antagonists as virulence factors in enteric disease. This
appreciation of virulence factors that contribute to enteric disease is particularly
important now that we are facing pandemic spread of SARS-CoV-2. We hope that the
results presented here will contribute to rapid progress in efforts to limit the spread,
morbidity, and mortality of existing and potentially emerging coronavirus infections.

MATERIALS AND METHODS
Ethics statement. All animal work was performed according to Institutional Animal Care and Use

Protocol guidelines (ACUP ARS-2017-603) at the National Animal Disease Center (NADC) in Ames, IA.
Piglets were consistently monitored for signs of distress over the course of the experiments; those that
showed such signs were removed and euthanized by the use of carbon dioxide inhalation to prevent
unnecessary suffering.

Cells and virus. Porcine kidney epithelial cells, LLC-PK1 (ATCC CL101), termed PK1 cells, were
purchased from the ATCC and grown in growth medium containing modified Eagle medium (MEM)
(Corning; catalog no. 10010CV) supplemented with heat-inactivated 5% fetal calf serum (FCS) (Atlanta
Biological) and 1% penicillin/streptomycin (Pen/Strep) (HyClone). Vero cells (USDA Animal and Plant
Health Inspection Agency, National Veterinary Services Laboratory [APHIS-NVSL]) were grown in growth
media containing MEM (Gibco; catalog no. 41500-018) supplemented with 10% FCS, 0.5% lactalbumin
enzymatic hydrolysate (Sigma; catalog no. 68458-87-7), and 1% Pen/Strep.

An infectious clone of the PEDV wild-type strain (icPEDV-WT) and a PEDV mutant expressing
catalytic-inactive endoribonuclease (icPEDV-EnUmt) were generated in our previous study (11). A similar
approach was used to engineer icPEDV-Nsp1mt, icPEDV-Nsp16mt, and icPEDV-mut4. icPEDV-Nsp1mt
expresses a mutated Nsp1 that carries a Phe44-to-Ala substitution. icPEDV-Nsp16mt encodes a catalytic-
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inactive 2=-O-methyltransferase which harbors an Asp129-to-Ala mutation in Nsp16. icPEDV-mut4 has
combined mutations in Nsp1 and Nsp16 in addition to two catalytic histidine mutations (His226-to-Ala
and His241-to-Ala) of nsp15. Primers used in the site-directed mutagenesis are listed in Table 1. All these
recombinant PEDVs were rescued in Vero cells and sequenced to confirm the engineered mutations. To
make large stocks, these viruses were propagated once more in Vero cells with maintenance media
containing FCS-free growth media, 0.15% Bacto tryptose phosphate broth (Becton Dickinson; catalog no.
260300) (29.5 g/liter), and 5 �g/ml trypsin (Sigma; catalog no. 59427C). The culture medium of infected
cells was harvested when �90% cells showed cytopathic effect (CPE), titrated on Vero cell monolayers,
and stored at – 80°C.

Growth kinetics and titration of icPEDV-WT and mutant viruses. Vero or PK1 cells were seeded
into a 24-well (1.5 � 105 cells/well) plate and infected with either icPEDV-WT or the designated mutant
virus at a dose of 0.1 TCID50 per cell in the presence of 5 �g/ml trypsin. After 1 h of incubation, the
inoculum was removed and replaced with serum-free maintenance medium. Cell culture supernatant
was collected at the indicated time points after infection and subjected to titration in Vero cells using a
standard TCID50 assay as previously described (11).

Analysis of gene expression using RT-qPCR. To measure mRNA levels in cells, 3 � 105 PK1 cells per
well were plated in a 12-well plate, 16 h prior to infection. Cells were washed twice with phosphate-
buffered saline (PBS) and infected with the indicated virus at a dose of 0.1 TCID50 per cell in the presence
of 5 �g/ml trypsin (Sigma; catalog no. 59427C). Cells were harvested at different time points using the
RLT buffer provided with an RNeasy minikit (Qiagen; catalog no. 74104), and total RNA was extracted as
instructed by the manufacturer’s protocol. A 500-ng volume of RNA was used for cDNA synthesis
performed with a RT2 HT first-strand kit (Qiagen; catalog no. 330411). Quantitative PCR (qPCR) was
performed using RT2 SYBR green qPCR mix (Qiagen; catalog no. 330502) and a Bio-Rad CFX96 system.
The thermocycler was set as follows: one step at 95°C (10 min); 40 cycles of 95°C (15 s) and 55°C (1 min)
followed by plate reading; one step at 95°C (10 s); and a melt curve from 65°C to 95°C using increments
of 0.5°C/0.05 s. Samples were assayed in triplicate, and data are representative of results from three
independent experiments. The levels of mRNA were determined relative to �-actin mRNA levels and are
expressed as 2�ΔCT [threshold cycle (ΔCT) � CT(gene of interest) � CT(GAPDH)]. The details of the PCR assay
performed for the primers used in this study are listed in Table 2.

Evaluating pathogenesis of icPEDV-WT and icPEDV-mut4. Six pregnant sows free of clinical
disease and shown to be negative for PEDV antibodies via IFA were purchased from a commercial farm
and transported to NADC prior to farrowing. Piglets were weaned from sows at between 3 and 6 days
of age, given an iron injection, and ear tagged. Piglets were blocked by litter and assigned to 3 treatment
groups: icPEDV-WT (n � 13), icPEDV-mut4 (n � 13), and controls (n � 8). Each group was housed in a
separate biosafety level 2 animal room, fed a diet of milk replacer and starter, and given ad libitum access
to water. Twenty-four hours after weaning, piglets were orally inoculated with 2 ml of virus solution at
a titer of 500 TCID50/pig. Control pigs received 2 ml of medium inoculum orally. Piglets were rectally
swabbed and given a clinical diarrhea score at 0 to 10, 12, 14, 18, and 21 days postinoculation (dpi).
Clinical diarrhea scores were assigned by the following criteria: 0 � normal feces, 1 � soft stool, 2 � semi-
liquid stool, 3 � liquid feces, 4 � voluminous watery diarrhea. Rectal swabs were collected with a sterile
polyester-tipped applicator (Puritan Medical Products, Guilford, ME) immersed in 3 ml of serum-free
MEM. Blood was collected in a serum separation tube (BD Vacutainer, Franklin Lakes, NJ) and centrifuged
to harvest serum at 0 and 21 dpi. Samples were stored at – 80°C until time of testing.

Two piglets from each group were euthanized at 2 dpi for collection of jejunum and ileum tissue
samples. Intestinal sections were fixed in 10% neutral buffered formalin and routinely processed. All
remaining animals were euthanized on 21 dpi. Euthanasia was performed with an intravenous admin-
istration of barbiturate (Fatal Plus; Vortech Pharmaceuticals, Dearborn, MI) following the manufacturer-
labeled dose.

PEDV RNA quantification using TaqMan real-time RT-PCR. Viral RNA was quantified from rectal
swabs as previously described (48). Briefly, RNA extraction was performed using a MagMAX pathogen
RNA/DNA kit (catalog no. 4462359; Applied Biosystems) following the manufacturer’s recommendations
for fecal samples. Viral RNA was eluted into 90 �l of elution buffer. Following extraction, 5-�l volumes
of the nucleic acid templates were added to 20 �l of Path-ID multiplex one-step RT-PCR master mix
(catalog no. 4442137; Applied Biosystems). Real-time reverse transcription-quantitative PCR (RT-qPCR)

TABLE 2 qPCR primer and probe sequences

Method Target

Primer sequence (5=–3=)

Forward Reverse

SYBR green Porcine IFN-� AGCAGATCTTCGGCATTCTC GTCATCCATCTGCCCATCAA
Porcine IFN-�1 ACTGTGATGCTGGACTTGG GCATCCTTGGCTTTCTTGAAG
Porcine GAPDH ACCTCCACTACATGGTCTACA ATGACAAGCTTCCCGTTCTC
Porcine ISG54 CTGGCAAAGAGCCCTAAGGA CTCAGAGGGTCAATGGAATTCC
Porcine N gene CACTAACCTGGGTGTCAGAAA CGTGAAGTAGGAGGTGTGTTAG

Taqmana PEDV N gene GAATTCCCAAGGGCGAAAAT TTTTCGACAAATTCCGCATCT
aThe sequence of the N gene probe used in the Taqman assay was as follows: FAM-CGTAGCAGCTTGCTTCGG
ACCCA-BHQ (FAM, 6-carboxyfluorescein; BHQ, black hole quencher).
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was performed on an ABI 7500 Fast instrument run in standard mode under the following conditions:
reverse transcription at 45°C for 10 min and denaturation at 95°C for 10 min, followed by 40 cycles of
95°C for 15 s and 60°C for 45 s. The primer and the probe (listed in Table 2) were synthesized (Integrated DNA
Technologies, Coralville, IA) and targeted a conserved region (nucleotides 941 to 1028) of the PEDV N gene
with modifications specific to PEDV strain USA/Colorado/2013 (GenBank accession no. KF272920). PEDV
genome copy numbers were calculated based on a standard RNA transcript overlapping the target
region.

Evaluating icPEDVmut 4 sequence from fecal samples. Viral RNA was purified from fecal swabs
obtained from 11 piglets inoculated with icPEDV-mut4 and taken from the last day that viral RNA was
detected in the quantitative real-time PCR (8 to 14 days), as described above. Three regions containing
the four engineered mutations in the icPEDV-mut4 genome (19.5 �l vRNA) were first amplified using a
SuperScript IV one-step RT-PCR system (Thermo Fisher Scientific, Waltham, MA) and specific primers
(PEDV-210F/PEDV627R for nsp1; PEDV-19071F/PEDV-19731R or PEDV-18319F/PEDV-19712R for nsp15;
PEDV-19923F/PEDV-20395R for nsp16) (Table 1). The amplicons were subjected to column purification,
and a 1-�l volume of the product was further amplified using a FailSafe PCR system (Lucigen Corpora-
tion, Middleton, WI) with the same primers. PCR products from the nsp1 and nsp16 amplifications were
purified and sent for sequencing using sequencing primers (PEDV-235F and PEDV-549R for nsp1;
PEDV-20028F and PEDV-20345R for nsp16) (Table 1). Products from the nsp15 amplification were sent for
sequencing using primers PEDV-19218F and PEDV-19637R or were cloned into pCR-Blunt II-TOPO vector
and sequenced using primers PEDV-18319F and PEDV-19712R.

Immunofluorescence assay to determine the titer of virus-specific IgG. In a 96-well plate, Vero
cells were infected with PEDV at a dose of 0.1 TCID50 per cell in the presence of 2 �g/ml trypsin. At 16 h
postinfection, cells were washed once with PBS and fixed with cold methanol/acetone (50%/50%
[vol/vol]) for 15 min at –20°C. Fixed cells were then blocked with PBS containing 5% FCS for 30 min at
37°C and incubated with serially diluted pig serum for 1 h at 37°C. Cells were washed three times with
PBS and incubated with fluorescein isothiocyanate (FITC)-conjugated goat anti-swine IgG (H�L) second-
ary antibody (catalog no. 6050-02; Southern Biotech). Subsequently, cells were washed three times with
PBS before examination using a fluorescence microscope.

H&E staining and immunohistochemistry. The details of this method were described previously
(11). Briefly, tissues were fixed in neutral buffered formalin, processed, and embedded in paraffin.
Sections (5 �m thick) were cut and stained with hematoxylin and eosin (H&E) stain utilizing a
Tissue-Tek automated slide stainer (Sakura Finetek USA, Torrence, CA). A veterinary pathologist who
was blind to the treatment groups evaluated sections of small intestine by light microscopy to
identify location and subjectively assess villus atrophy and crypt hyperplasia. For immunohisto-
chemistry, the tissue sections were mounted on positively charged glass slides and oven dried for
60 min at 60˚C. Slides were deparaffinized and then rinsed three times in deionized water, followed
by soaking in Tris-buffered saline with Tween 20 for 5 min. Slides were placed in a Dako autostainer
(Agilent, Santa Clara, CA) and run through a preprogrammed immunohistochemistry (IHC) protocol.
The IHC protocol utilizes Protease XIV (Millipore Sigma, St. Louis, MO) for antigen retrieval, murine
monoclonal antibody SD6-29 specific for the nucleocapsid of PEDV (18) at 1:1,000 dilution, Dako
Envision� horseradish peroxidase (HRP) (Agilent, Santa Clara, CA), and DAB (diaminobenzidine)
substrate chromogen (Agilent, Santa Clara, CA). The slides were then counterstained in hematoxylin
and placed beneath cover slips.

Viral neutralizing antibody determination. The details of this method were described previously
(14). Briefly, the collected sera were first subjected to heat inactivation at 56°C for 30 min and to serial
4-fold dilution with MEM. Diluted sera were then mixed with a same volume of virus solution containing
100 TCID50/25 �l of icPEDV-WT. After incubation for 90 min at 37°C, the mixture was used to infect Vero
cells in 96-well plates with controls of mock and virus-only infections. After a 1-h infection, the inoculum
was discarded. The cells were washed three times with PBS and cultured with the maintenance medium
containing 5 �g/ml of trypsin. After 3 days of infection, the titers of neutralizing antibody were deter-
mined by the use of the Reed and Muench method (49). The VN titer of a serum sample is the reciprocal
of its dilution that gives no CPE in 50% of the wells.
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