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Enteropathogenic porcine epidemic diarrhea virus (PEDV) and porcine deltacoronavirus

(PDCoV), members of the coronavirus family, account for the majority of lethal watery

diarrhea in neonatal pigs in the past decade. These two viruses pose significant economic

and public health burdens, even as both continue to emerge and reemerge worldwide.

The ability to evade, circumvent or subvert the host’s first line of defense, namely the

innate immune system, is the key determinant for pathogen virulence, survival, and the

establishment of successful infection. Unfortunately, we have only started to unravel the

underlying viral mechanisms used to manipulate host innate immune responses. In this

review, we gather current knowledge concerning the interplay between these viruses and

components of host innate immunity, focusing on type I interferon induction and signaling

in particular, and the mechanisms by which virus-encoded gene products antagonize

and subvert host innate immune responses. Finally, we provide some perspectives on

the advantages gained from a better understanding of host-pathogen interactions. This

includes their implications for the future development of PEDV and PDCoV vaccines

and how we can further our knowledge of the molecular mechanisms underlying virus

pathogenesis, virulence, and host coevolution.
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INTRODUCTION

Two members of swine enteric coronaviruses, porcine epidemic diarrhea virus (PEDV), and
porcine deltacoronavirus (PDCoV), have recently emerged as major causative agents of lethal
watery diarrhea in piglets, leading to significant losses within the swine industry worldwide. PEDV
and PDCoV are classified in distinct genera in the family Coronaviridae, as an Alphacoronavirus
and Deltacoronavirus, respectively (1, 2). The transmissible gastroenteritis virus (TGEV), also an
enteropathogenic porcine alphacoronavirus, used to be responsible for severe economic losses
around the globe in the 1990s. However, due to its current disappearance in many parts of the
world, this review will focus mainly on PEDV and PDCoV, the two emerging swine coronaviruses.

The first PEDV outbreak occurred in Europe around 1970s (3, 4). From the 1990s onward,
sporadic occurrences of PEDV infection were reported in countries such as the Czech Republic,
Belgium, Hungary, South Korea, China, Italy, and Thailand (5) before emerging as a major swine
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outbreak in China around 2010 (6, 7). This outbreak marked the
appearance of highly pathogenic strains of PEDV associated with
80–100% morbidity and 50–90% mortality in suckling piglets
(8). 2013 was another critical year, seeing the emergence of
PEDV in the North American continent (9). More recently, the
epidemiology of PEDV has taken a new turn, with China seeing
increasing co-infection rates (up to 51%) with PDCoV (10, 11).

Compared to the discovery of PEDV, the first report of PDCoV
was fairly recent, being detected in 2012 in Hong Kong during
molecular surveillance of coronaviruses in avian and mammalian
species (2). To date, PDCoV has been detected in many countries
including the United States, Canada, South Korea, China,
Thailand, Laos, and Vietnam (12, 13). Clinical severity of PDCoV
infection tends to be lower than PEDV, with a mortality rate
of around 40% when experimentally inoculated into gnotobiotic
suckling piglets (14, 15). Nevertheless, PDCoV still causes severe
disease (16). Among diarrheic pigs in the United States and
China, the prevalence of PDCoV was found to be as high as 30–
7%, respectively of all reported cases (10). Accordingly, PDCoV
is an emerging pathogen that warrants further study because
there is still little information about deltacoronavirus infection,
pathogenesis, and virus-host interaction (17).

Innate immunity functions as the first line of defense
against invading viruses. It identifies and alerts host cells to
their presence by eliciting rapid and early cellular responses
and inducing production of multiple cytokines. Lymphoid-
associated tissues (including Peyer’s patches, lymphoid follicles,
and mesenteric lymph nodes) are the largest and the first barrier
against infections of the gastrointestinal (GI) tract (18). Gut-
associated lymphoid tissue (GALT)-resident professional antigen
presenting cells (APCs) are therefore of particular interest
in studying PEDV and PDCoV infection, with APCs such
as dendritic cells (DCs) most prominently plasmacytoid DCs
(pDCs) which are the major producers of types I interferons
(IFNs) in vivo during viral infection (19) and macrophages being
the first immune cells to encounter PEDV, PDCoV, and other
enteric viruses (20).

Enteric coronaviruses possess pathogen-associated molecular
patterns (PAMPs) such as viral glycoprotein structures and viral
RNAs which can be recognized by pattern recognition receptors
(PRRs) present on APCs (21). Recognition events initiate
propagation of intracellular signaling, resulting in production
of soluble antiviral components of innate immunity. These
soluble components are primarily made up of type I and
III IFNs, chemokines, and proinflammatory cytokines. Because
the IFN pathway is crucial in initiating viral resistance and
shaping subsequent adaptive immune responses (22), both
PEDV and PDCoV need to evolve mechanisms to antagonize
and suppress its induction and signaling in order to establish
productive infection. Innate immune cell populations such as
natural killer (NK) cells are also known to respond to porcine
coronavirus infections and may play a role in disease outcome
and pathogenesis (23).

In the following sections, we will describe the relevant aspects
of PEDV and PDCoV biology and pathogenesis, and review the
fundamentals of antiviral innate immunity. Subsequent sections
will provide an update on recent studies regarding host antiviral

innate responses as well as key mechanisms and strategies that
these porcine enteric coronaviruses have evolved to evade virus
recognition by host PRRs, inhibit IFN induction, and block
IFN signaling cascades. Finally, we will discuss the potential of
harnessing innate immune machineries for the control of enteric
coronavirus infection, and implications of this knowledge on
development of immune modulators for effective vaccination
against these two pathogens.

PEDV AND PDCoV BIOLOGY

Both PEDV and PDCoV are enveloped viruses with single-
stranded positive-sense RNA genomes of ∼28–26 kB in length,
respectively (2, 24) Their genome organization is depicted in
Figure 1. Open reading frame 1a (ORF1a) and ORF1b of both
viruses encode two polyprotein precursors, pp1a and pp1ab,
which are cleaved by the papain-like protease (PL-pro) and
a serine type 3C-like protease (3CLpro) (25) to give rise to
non-structural proteins (nsp) 1–16 for PEDV and nsp1–15 for
PDCoV (26–28). Many of the individual nsps interact to form the
replicase-transcriptase complex (RTC) responsible for viral RNA
replication and transcription of sub-genomic RNAs. In addition
to these replication functions, some coronavirus nsps are also
involved in antagonizing host innate immune responses.

Both PEDV and PDCoV possess four structural proteins,
namely spike (S), envelope (E), membrane (M), and nucleocapsid
(N). Each virus has a unique set of accessory proteins, however.
PEDV has only one accessory protein, ORF3 (29), whereas the
PDCoV genome encodes non-structural (NS)6, NS7, and NS7a
accessory protein (30, 31). Although distributed widely both
within and between structural genes, the location and function
of coronavirus accessory protein genes are species-specific (32).
In fact, coronavirus accessory proteins possess diverse functions,
including modulating viral pathogenicity (33), inducing cell
death (34), or antagonizing the IFN system (35–37).

PEDV and PDCoV primarily target the GI tract of pigs,
although PEDV has also been found to infect alveolar
macrophages of the respiratory tract resulting in pneumonic
lesions (38). While the fecal-oral route accounts for the main
means of PEDV and PDCoV transmission, vomitus, and
contaminated fomites such as transport trailers and feed may
also be points of viral transmission (39, 40). Upon host entry via
the oral route, porcine coronaviruses bind to surface receptors
on susceptible cells, primarily villous epithelial cells of the
small intestine brush border (38, 41, 42). In swine, porcine
aminopeptidase N (pAPN) which is highly expressed in the
small intestinal mucosa was implicated to play a critical role
in the target cell infection of PEDV and PDCoV (43, 44).
Following cell entry, porcine coronaviruses, similar to most of
CoV, initially form double-membrane vesicles (DMVs) where
replication/transcription probably takes place, assemble in the
rough endoplasmic reticulum and the large virion containing
vacuoles (LVCVs), and are transported via the Golgi apparatus
for release by budding from the surface membrane of the infected
cells (26, 45–48). Infected villous cells are then destroyed, leading
to reduction, and shortening of the villi.
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FIGURE 1 | Both PEDV and PDCoV are enveloped viruses with single-stranded positive-sense RNA genomes of ∼28 and 26 kB in length, respectively. (A) Within the

genome of 28 kB of PEDV, so far seven encoded proteins have been shown to implicate in the innate immune modulation (highlighted here in orange). The first two of

the seven open reading frames (ORFs) encode replicase 1a and 1b, respectively which are the two polyprotein precursors of 16 non-structural proteins. The rest of

ORFs encode four structural proteins which constitute the virion, and one accessory protein namely ORF3. The structural protein S, E, M, and N as well as ORF3

accessory protein are implicated in the innate immune modulation and suppression (See texts for details). (B) Similar to PEDV, the replicase polyprotein 1a (pp1a) and

pp1b of PDCoV are also cleaved by virus-encoded proteases into 16 non-structural proteins. The ensuing ORFs; however, encode four structural proteins, as well as

two non-structural (NS) accessory protein NS6, NS7, and NS7a. So far, two virus-derived proteins with proposed roles as the innate immune antagonists have been

reported (highlighted here in blue).

Because both PEDV and PDCoV target villous enterocytes
of the porcine GI tract, establishment of a productive
infection requires both penetrating the heavily guarded mucosal
barriers and circumventing the host’s robust and rapid innate
immune response. Although many comprehensive reviews
have described how other coronaviruses such as the severe
acute respiratory syndrome (SARS)-CoV (49–51), and Middle
Eastern respiratory syndrome (MERS)-CoV (52, 53) interact
with components of innate immunity, knowledge about how
PEDV, and PDCoV antagonize host innate immune responses
has only started to emerge. Furthermore, due to the challenges
in propagating field isolates in a biologically relevant cell
culture system and difficulties in viral genome manipulation, the
mechanisms behind porcine enteric virus pathogenesis remain
largely unknown.

IN VITRO MODELS FOR PEDV AND PDCoV
INFECTION: CELL LINES AND PRIMARY
CELLS

Cell lines provide invaluable information on viral pathogenesis
and its interplay with the innate immune response. The lack of
suitable cell lines is therefore one of the major impediments to

progress in the field. For the study of porcine enteropathogenic
viruses, for instance, many of the most widely used cell lines are
not even derived from natural target cells, namely enterocytes
of intestinal villi. As a case in point, the staple cell line for
PEDV propagation has been Vero, derived from the kidney of
an African green monkey, since the process was first described
by Hofmann and Wyler (54). The use of Vero cells, however,
is limited to the propagation of cell-adapted PEDV strains. The
success rate of expanding new variant and field-isolated PEDV in
Vero cells is rather low and often comes at the cost of gradual
loss of infectivity during passaging (55). While being permissive
to PEDV propagation and replication, these cells have a major
deletion in the type I IFN gene cluster, resulting in IFN deficiency
(56–59) and thus rendering them unsuitable for studying viral
modulation of innate immune responses.

Cell lines such as MARC-145 (African green monkey kidney),
LLC-PK1 (porcine kidney), and ST (swine testicle) may be
more appropriate for studying PEDV-mediated innate immune
modulation. Zhang et al. examined various cell lines for PEDV
susceptibility and discovered that the IFN-competent MARC-
145 cells were also permissive for PEDV infection, exhibiting
cytopathic effects (CPE) and infection foci staining comparable
to infected Vero cells (60). Using these cells, they were able
to demonstrate the suppression of type I IFN production and
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degradation of CREB-binding protein (CBP) by PEDV. They also
used LLC-PK1 and ST cells to investigate the role of PEDV nsp1
protein in the inhibition of early NF-κB activation (61).

Other immortalized cell lines permissive for PEDV include
PK-15 (porcine kidney), Huh-7 (human liver), MRC-5 (human
lung), and Tb1-Lu (bat lung) cells, which were used to examine
PEDV receptor usage and cell entry (62). A comprehensive list of
both traditional and newly established cell lines currently being
tested or permissive for PEDV replication can be found in a
recent review by Teeravechyan et al. (63). These cells possess
a variety of phenotypes, however, and will need to be carefully
vetted before use in studying innate immune responses to PEDV.

Only two immortalized cell lines of swine origin, namely
ST and LLC-PK1, are known to be permissive for PDCoV and
used for its isolation and propagation (64). At 2 days post-
inoculation, PDCoV-infected LLC-PK1 and ST cells become
enlarged and rounded, characteristics of PDCoV-associated CPE.
While the presence of trypsin in maintenance media helps
to improve PDCoV propagation in the LLC-PK1 cell line, its
absence does not completely abrogate virus propagation, unlike
for ST cells. Additionally, cell culture media supplemented
with pancreatin and/or small intestine content (SIC) solution
extracted from healthy uninoculated gnotobiotic pigs supported
PDCoV propagation in both LLC-PK1 and ST cells. LLC-PK1
has also been used to demonstrate PDCoV antagonism of various
host innate immune components (65, 66).

Although the use of these cell lines has provided invaluable
information about the interaction between these two enteric
coronaviruses and their hosts, it may not yield relevant
biological information consistent with in vivo PEDV and
PDCoV infection because these cells are not derived from
pig intestinal epithelial cells (IEC), the known target cells of
both porcine coronaviruses. In recent studies, immortalized
IECs have been derived by the introduction of the human
telomerase reverse transcriptase (hTERT) gene into the neonatal-
derived small intestinal epithelial cells (67) and used by many
groups for PEDV propagation (68–72). However, only IPEC-
J2, a porcine jejunal cell line derived from a neonatal pig,
has been used to study how PEDV antagonizes host cell
antiviral activity (73). The use of IPEC-J2 cells could provide
more biologically relevant information when investigating the
pathogenesis of PEDV infection; however, others found that
these cells were not always susceptible to PEDV (32). In
their study, Zhang et al. claimed that IPEC-J2 cells, in
addition to its relative non-permissiveness to PEDV infection,
were actually heterogeneous, and that the infection rate
achieved by this cell line was extremely low. A new cell
line, IPEC-DQ, was thus sub-cloned and characterized for
PEDV propagation (74). IPEC-DQ cells were found to support
efficient and productive infection of PEDV. Furthermore,
due to their ability to express type III IFNs, IPEC-DQ
could potentially be used as a suitable cell model for the
study of gut innate immunity and its modulation by PEDV.
Nevertheless, immortalization and transformation of primary
cells may affect cellular antiviral signaling, possibly resulting
in misrepresentation of in vivo innate immune responses. In
fact, a number of cellular pathways regulating IFN-stimulated

genes and antiviral defense are closely linked to cellular tumor
suppression activity, including anti-proliferative, pro-apoptotic,
and pro-inflammatory responses (75). Accordingly, the antiviral
responses observed in immortalized IEC or IPEC cells, despite
being of porcine intestinal epithelial cell origin, should be further
compared to those in primary IECs.

Consistent with this idea, primary porcine IECs were recently
isolated and used to propagate PEDV (76). For the first time,
primary porcine IECs were used as a model to study the
interplay between molecular mechanisms of PEDV infection and
the host innate immune response, focusing on the potential
mechanism of PEDV-mediated NF-κB activation in particular.
Although porcine IECs are the ideal cell type for PEDV and
PDCoV research and representative of target cells in vivo,
these cells are difficult to procure, have a short life span
and, unlike immortalized cell lines, could contain a mixed
population of different cell types. Ectopic or stable expression
of exogenous genes in primary cells is also very difficult due
to differences in doubling time and life span of each primary
cell type, making clonal selection virtually impossible. Another
important technical reason that limits the use of primary IECs
in PEDV and PDCoV research is their hypersensitivity to
trypsin required for enteric coronavirus propagation in in vitro
culture (54).

All things considered, porcine IEC-derived immortalized cell
lines remain the optimal in vitro models for studying the innate
immune response to PEDV and PDCoV infection, balancing ease
of use with a close approximation to in vivo target cells.

OVERVIEW OF INNATE IMMUNE
RESPONSES TO VIRAL INFECTION

Mammalian hosts are equippedwith innate immunemechanisms
which launch immediate responses against viral infection. This
first line of defense prevents the establishment of successful
infection and systemic spread, and in many cases, destroys
invading viruses even before the adaptive arm of host immunity
is mobilized. A schematic diagram of the host innate immune
signaling pathways is depicted in Figure 2A.

Upon viral infection, infected host cells can sense the presence
of both viruses and viral products by three main classes of
host PRRs (77). These are the endosomal toll-like receptors
(TLRs), the cytoplasmic retinoic acid-inducible gene I (RIG-I)-
like receptors (RLRs), and the nucleo-oligomerization domain
(NOD)-like receptors (NLRs).

TLRS are found both in the endosomal and cell surface
membranes. While signaling mediated by most cell surface-
localized TLRs induce only pro-inflammatory cytokine responses
and not IFN expression, activation of endosomal TLRs and
a plasma membrane-resident TLR4 may lead to both (78).
Among the TLRs characterized to date, those localized to
endo-lysosomal compartments include TLR3, TLR7, TLR8, and
TLR9, with each detecting distinct forms of viral nucleic
acids. On the other hand, RLRs and NLRs are cytoplasmic
sensors. Three types of RLRs have been identified—retinoic acid-
induced gene I (RIG-I), melanoma differentiation associated
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FIGURE 2 | Innate immune signaling pathways and antagonism by PEDV and PDCoV proteins. Following the cellular receptor-mediated entry into the target cells, the

genomic RNAs of both PEDV and PDCoV are released into the cytosol by viral-host membrane fusion. During the cytokine induction phase, the presence of the

virus-derived RNA genome as well as other replicative RNA intermediates are sensed by both the endosomal TLRs (TLR3, 7/8) and cytosolic RLRs (RIG-I and MDA5).

The recognition of the virus-derived RNAs by these receptors triggers a cascade of signaling molecule activation leading to a nuclear translocation of the key

transcription factors including NF-κB, IRF1, IRF3, and IRF7. Inside the nucleus, the binding of these transcription factors to their respective PRD regions drives the

production of type I and type III IFNs, and pro-inflammatory cytokines which are then secreted into the extracellular space. Subsequently, in the signaling phase, the

engagement of both type I and III IFNs to their cognate receptors in both autocrine and paracrine manner induces the activation of JAK/STAT pathway leading to

nuclear translocation of the ISGF3 complex as well as the subsequent production of the interferon stimulating genes (ISGs) (A). These ISGs confer the cells with an

anti-viral state. In order to ensure the establishment of a successful infection, both PEDV and PDCoV either produce viral proteins (shown in red for those of PEDV and

in yellow of PDCoV) to directly antagonize various critical steps of both IFN induction and signaling or affect indirectly the host cell anti-viral signaling cascades (B).

gene 5 (MDA5), and laboratory of genetics and physiology 2
(LGP-2) (79). NLRs are mostly associated with recognition of
bacterial PAMPs (80, 81) and will not be discussed further in
this review.

While both TLRs and RLRs are capable of recognizing viral
PAMPs, particularly double-stranded RNA (dsRNA), they utilize
different adaptor proteins to initiate their signaling cascade.
The TLR signal transduction pathways are dependent on either
myeloid differentiation primary response 88 (MyD88) or TIR
domain-containing adapter-inducing interferon-β (TRIF) (78,
82). RLRs, on the other hand, utilize the mitochondrial activator
of virus signaling (MAVS/IPS-1/VISA/CARDIF) as the essential
signaling adaptor protein (79, 83). TANK-binding kinase 1
(TBK1) and inhibitor of nuclear factor kappa-B kinase subunit
epsilon (IKKε) interact to relay signals to the critical transcription
factors interferon regulatory factor 3 (IRF3) and NF-κB,
leading to their phosphorylation and nuclear translocation (84).
Activation of these transcription factors as well as AP-1 then
initiate transcription of type I IFNs IFN-α and IFN-β.

The induction of IFN-α and IFN-β is one of the hallmarks
of the host innate immune responses against invading viral
pathogens. These secreted soluble factors represent a family
of antiviral cytokines which, upon binding to their surface
heterodimeric receptor (composed of the IFNAR1 and IFNAR2
subunits), leads to the activation of the receptor-associated
tyrosine kinases, Janus kinase 1 (JAK1), and tyrosine kinase
2 (Tyk2). These kinases phosphorylate the signal transducer
and activator of transcription 1 (STAT1) and STAT2 (85). The
phosphorylated STAT1/STAT2 heterodimer then translocates

into the nucleus, where it interacts with IRF9 to form IFN-
stimulated gene factor 3 (ISGF3). This, in turn, binds to IFN-
stimulated response elements (ISRE) in gene promoter regions,
leading to the expression of antiviral effectors known as IFN-
stimulated genes (ISGs) (86–88). ISGs function to restrict viral
replication, modulate other aspects of innate immunity and
prime the adaptive immune response (89).

Although type I IFNs and ISGs are the main host antiviral
components and act as the first line of defense against viral
infection, type III IFNs (such as IFN-λs) have recently been
described to contribute to the host antiviral state as well as
induce ISG expression (90). Type III IFNs share significant
functional similarities with type I IFNs. All IFN-λs bind a
heterodimeric IFN-λ receptor complex (IFNLR) for signaling
(91). While previous in vitro studies demonstrated that types I
and III IFNs are co-produced in response to viral infection or
the presence of PAMPs, particularly nucleic acids which trigger
both extracellular and intracellular sensors, more recent in vivo
experiments support the observation that mucosal infections
appear to trigger predominantly IFN-λ expression and a low
level of IFN-β (92, 93). Consistent with this, epithelial cells which
protect the GI tract mucosal lining were found to be the main
source of IFN-λ production during enteric virus infections (94–
96). Indeed, IFN-λ is known to be critical in controlling infection
of epithelial cells by various enteric viruses, including norovirus,
reovirus, rotavirus, adenovirus, and murine cytomegalovirus
(97). Selectively high expression of IFNLRs on IECs in the GI
tract argues for the indispensable contribution of type III IFNs
to the initiation of early antiviral responses in this organ (95).
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Although the induction of types I and III IFN pathways
involves a great deal of overlap in the signaling cascade
leading to establishment of a cellular antiviral state, there
are still differences in transcription factor requirements (90,
98). While IFN regulatory factor (IRF)-3,-7, and NF-κB are
essential components for induction of both types I and III
IFNs, IRF1 seems to play a unique role in the type III IFN
pathway (99). Additionally, unlike RLR-mediated type I IFN
induction, intracellular sensors of type III IFN depend largely on
peroxisomal MAVS for a rapid but rather short-lived induction
of IFN expression (100, 101).

Successful establishment of viral infections generally require
the ability to evade, antagonize, or subvert innate immune
responses. Indeed, previous studies have shown that PEDV
infection inhibits type I IFN induction in several cell types, such
as MARC-145 or porcine IECs (60, 76), and exhibits relative
resistance to IFN-α by inducing the proteasome dependent
degradation of STAT1 (73). These observations suggest that this
virus has developed strategies to prevent the biological activities
of IFNs. Similarly, PDCoV has also demonstrated antagonism of
IFN production in cell culture (66). The antiviral effects of IFN-
λs may also play a crucial and as-yet underappreciated role in
both PEDV and PDCoV infection. The mechanisms by which
PEDV- and PDCoV-encoded proteins modulate components of
the IFN induction pathways is summarized in Figure 2B and will
be discussed later in this review.

CELLULAR INNATE IMMUNE RESPONSES
TO PEDV AND PDCoV

In addition to type I and III IFN induction, viral infection also
results in the recruitment of innate immune cells such as DCs,
macrophages, and natural killer (NK) cells to the site of infection
(102). These innate immune cells not only provide immediate
counterattacks against invading viruses, but also present foreign
antigens to T cells and prime adaptive immune responses via
cytokine secretion (103).

DCs and macrophages are the two most prominent cellular
components of innate immune responses. Given the essential
role of both cell types in professional antigen presentation
and immune cell activation, it is important to gain a better
understanding of the interaction of coronaviruses with these
professional APCs. A study with SARS-CoV demonstrated
that although neither macrophages nor DCs were productively
infected, many phenotypic changes in cell viability, expression
of MHC class II, CD40, CD83, and CD86, and the ability to
stimulate T cell proliferation were observed in these cells upon
exposure to live virus (51). Macrophages were both refractory
to such stimuli and displayed diminished phagocytic activity
whereas DCs were observed to display upregulated MHC class
II, CD40, CD83, and CD86 expression. As a consequence,
these SARS-CoV-primed DCs were able to efficiently stimulate
allogenic T cell proliferation.

For PEDV, however, the data are still conflicting regarding
the susceptibility of DCs to PEDV infection (104, 105). In vitro,
the classical PEDV strain CV777, in contrast to SARS-CoV,

could productively infect both immature and mature monocyte-
derived dendritic cells (Mo-DCs) leading to the enhanced ability
of Mo-DCs to sample antigens and present them to T cells for
T-cell activation (104). Interestingly, Gao et al. also observed
that immature Mo-DCs were more susceptible than mature
Mo-DCs to infection by CV777, possibly due to their higher
rates of endocytosis and aminopeptidase N (CD13) expression.
Furthermore, infected immature Mo-DCs up-regulated CD1a,
CD80/86, and SLA-II-DR, which have been shown to enhance the
cells’ antigen presentation function (106, 107). Up-regulation of
CD1a, CD80/86, and SLA-II-DR was observed to a lesser extent
for infected matureMo-DCs.When CV777 infection was studied
in vivo, the virus was found to rapidly infect intestinal DCs (104).
Based on these observations, Gao et al. suggested that both Mo-
DCs and intestinal DCs play a role in priming and promoting an
effective response during PEDV CV777 infection.

In contrast, a recent study by Wang et al. showed that
PEDV failed to undergo a productive replication in porcine
Mo-DCs (105). In spite of this, infection activated transcription
of type I IFN and chemokine interferon-inducible protein-10
(IP-10). Unfortunately, the molecular mechanisms by which
PEDV triggered type I IFN and chemokine IP-10 expression in
the absence of active virus replication and the implication of
these cytokines in PEDV pathogenesis and immunity remain to
be determined.

DCs can also be exploited and hijacked by PEDV as vehicles
for viral transmission. A recent study implicated porcine bone
marrow-derived DCs in the dissemination of PEDV from the
swine nasal cavity to intestinal mucosa (108), supporting the
hypothesis that PEDV could be spread from infected pigs
through airborne transmission. This study also verified that
PEDV could enter porcine nasal epithelial cells (NECs) via their
apical side adjacent to the nasal mucosa and establish transient
infection within the nasal cavity. Submucosal DCs residing near
infected nasal epithelial cells (NECs) then take up PEDV from
the lumen across the nasal mucosa via their extended cellular
processes. Despite the lack of active viral replication in these DCs,
these virus-loaded DCs could subsequently transfer the viruses to
T cells which then enter peripheral blood. These recirculating T
cells finally shuttle the viruses to the intestinal epithelium, leading
to typical PEDV symptoms. The utilization of DCs, which are
widely distributed in the mucosal lining of various tissues, by
PEDV as carriers to overcome mucosal barriers and disseminate
throughout the body is reminiscent of how many other viruses
establish a foothold upon entering the host body (109–112).

Similarly, the permissiveness of macrophages to PEDV is still
unclear. Lee et al. showed that viral antigen could be detected
in lamina propria-resident macrophages of infected pigs (113).
There has also been one report of PEDV infection in alveolar
macrophages, resulting in pneumonic lesions (38). Despite these
observations, detection of viral replication in these cells has yet to
be reported.

NK cells are responsible for cytotoxicity-mediated killing of
virus-infected cells and are a major source of IFN-γ, TNF-α,
GM-CSF, and other cytokines and chemokines (114, 115). The
observation that PEDV-infected neonatal and nursing piglets
with more severe symptoms possessed lower NK cell numbers
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suggest for a potential role for NK cells in the host antiviral
response to these pathogens (23). In their study, Annamalai et al.
showed that both quantitative and qualitative variation of NK
cell properties can be observed in response to PEDV infection
in suckling and weaned pigs. In uninfected animals, suckling
pigs, which are much more susceptible to PEDV, have drastically
lower NK cell numbers than weaned pigs in both the blood
and the ileum. Upon infection, significant IFN-γ production is
observed from weaned pig NK cells, unlike those of suckling
pigs. Strangely, frequencies of NK cells in the blood were found
to be higher than in the ileum, the primary site of PEDV
infection, and became even more disproportionate during the
course of infection. In addition, serum levels of IFN-α, IL-12,
and TNF-α peaked at an earlier time point in infected suckling
pigs, indicating faster progression of disease, when compared
to those of weaned pigs, and coincided with viral shedding and
onset of diarrhea in both groups of pigs. Due to these disparate
observations, it remains to be seen whether NK cells play a direct
antiviral function during PEDV infection.

It is worth pointing out that the increase in serum pro-
inflammatory cytokine and chemokine levels in both PEDV
infected suckling and weaned pigs mentioned above could
reflect the outcome of the simultaneous induction of the key
components of the mitogen-activated protein kinase (MAPK)
cascade including Erk1/2 and JNK/p38 (116, 117), and the
activation of NF-κB pathway (72, 118) during the PEDV
infection. As shown in the context of other pathogenic infections
(119, 120), the concurrent activation of both MAPK components
and the transcription factor NF-κB during PEDV infection might
lead to the upregulation of both pro-inflammatory cytokines and
chemokines. While the PEDV N protein was described by Xu
et al. as a virus-derived intermediate responsible for triggering
the NF-κB pathway activation, the exact mechanism of MAPK
activation following PEDV infection is still not determined. It
was demonstrated, however, that the PEDV-mediated MAPK
activation enhanced the viral replication. These findings argue for
the notion that PEDV, to its advantage, could manipulate host
intracellular processes including the stimulation of the MAPK
cascade and the NF-κB pathway.

For PDCoV infections, information remains extremely
limited regarding the interplay with the cellular innate immune
response. There are some reports describing infiltration of
macrophages, lymphocytes, eosinophils, and neutrophils in the
lamina propria of the small intestine during infection (14, 121,
122). However, there is still a lack of any evidence regarding
whether these innate immune cells actually engage in anti-
PDCoV responses and what such responses might be.

PEDV AND PDCoV ANTAGONISTS OF
INNATE IMMUNITY

Non-structural Proteins
The coronavirus nsps have been shown to be involved mainly
in viral RNA synthesis (123–127). Nevertheless, nsp1, 3, 5,
7, 14, 15, and 16 have been observed to play additional
roles in host immune modulatory functions (50, 60, 128–136).

Due to the early expression of these non-structural proteins,
their ability to suppress innate immune responses provides
invading viruses with the opportunity to replicate and establish
a productive infection.

PEDV nsp1

Nsp1 is only present in alpha- and betacoronaviruses (2,
137). Despite its relatively small size at 110 amino acids in
length, nsp1 shows great genetic sequence variation among
alphacoronaviruses (138, 139) which may account for its
functional versatility and the ability to interact with a number
of host innate immune signaling molecules. Like the SARS-CoV
nsp1, PEDV nsp1 was shown to be a potent IFN antagonist
interfering with both IRF- andNF-κB-mediated induction of type
I and III IFNs (60, 61, 74). These effects occur through either
enhancing degradation of or inhibiting nuclear translocation of
host key signaling molecules involved in IFN gene activation
such as the CREB-binding protein (CBP) (60), which forms part
of the promoter-binding enhanceosome complex with NF-κB,
AP-1 [a complex of activating transcription factor 2 (ATF2) and
JUN], and homodimers or heterodimers of IRF3 and IRF7 (140).
PEDV nsp1 promotes proteasome-mediated degradation of CBP,
which renders IFNB gene transcription induction less effective as
binding of the enhanceosome to the IFNB gene promoter is more
stable than any of its components alone (141).

PEDV nsp1 is also known to impede nuclear translocation
of NF-κB, affecting not only production of IFN-β but
also proinflammatory cytokines such as TNF-α, IL-1β, IL-
6, IL-15, and IL-17 (61). This occurs through inhibition of
IκBα phosphorylation and its subsequent ubiquitin-mediated
degradation, which are required for NF-κB transport to the
nucleus where it can then bind to target sequences and initiate
transcription (142–144). The activity of nsp1 against IκBα was
also found to block nuclear translocation of the p65 (also
named RelA) subunit of NF-κB, preventing the dimer formation
between RelA and the p50 subunit of NF-κB (p50/RelA)
important for NF-κB signaling. Taken together, the PEDV
nsp1-mediated inhibition of type I IFNs and pro-inflammatory
cytokines through suppression of NF-κB activity argue for the
antiviral potential of these cytokines during the early stage of
PEDV infection.

PEDV nsp1 also modulates type III IFN responses in IECs
(74). In PEDV-infected IPEC-DQ, LLC-PK1, and MARC-145
cells, nsp1 was observed to block nuclear translocation of IRF1
and reduced the number of peroxisomes, where peroxisomal
MAVS link RLR signaling to type III IFN induction. Furthermore,
the observed reduction in the number of peroxisomes and
IRF1-mediated IFN-λ suppression were dependent on the
conserved amino acid residues of PEDV nsp1. This intriguing
insight into PEDV interference with the type III IFN pathway
should pave the way for future studies elucidating the as-
yet underappreciated role for IFN-λ in the control of porcine
enteritis coronavirus infection.

PEDV nsp3

In coronaviruses, the PLpro domain of nsp3 and the 3CLpro
domain of nsp5 facilitate viral replication by processing pp1a
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and pp1ab polyprotein precursors into nsps. It has also been
demonstrated that many human and animal coronavirus-
derived proteases mediate negative regulation of host antiviral
innate immunity. Previous studies showed that the PLpro
of the human coronaviruses SARS-CoV and NL63-CoV
antagonize innate immune induction of type I IFNs via de-
ubiquitination/deISGylation of NF-κB signaling molecules,
inhibition of IRF3 activation and nuclear translocation,
and blocking ubiquitination of STING and disrupting its
dimerization (145–147). Xing et al. recently demonstrated that
the PEDV PLpro domain, PLP2, also interferes with RIG-I-
and STING-mediated type I IFN activation (148) through
de-ubiquitinating activity, preventing the post-translational
modification of RIG-I by Lys63-linked ubiquitination that is
essential for RIG-I-mediated signaling (149). Similar to RIG-I,
ubiquitination of STING is critical for expression of downstream
antiviral genes (150, 151). Accordingly, PEDV PLP2-mediated
de-ubiquitination of RIG-I and STING leads to abrogation of
downstream signaling and inhibition of type I IFN expression.

PEDV and PDCoV nsp5

The 3CLpro of both PEDV and PDCoV, encoded by the nsp5
gene, have also been shown to antagonize innate immune
signaling through proteolytic cleavage of host key signaling
molecules (152–154). Wang et al. provided evidence that PEDV
nsp5 disrupts type I IFN signaling by cleaving a critical adaptor
protein, the NF-κB essential modulator (NEMO; also called
IKKγ), which bridges the NF-κB and IRF signaling pathways by
triggering NF-κB and IRF3 nuclear translocation and eventual
induction of IFN-β production (79, 155, 156). Highly conserved
histidine 41 (His41) and cysteine 144 (Cys144) of PEDV nsp5
were identified as the catalytic dyad responsible for protease
activity of nsp5 and suppression of IFN-β induction. Similarly,
PDCoV nsp5 also inhibits IFN-β production through the
cleavage of NEMO, and its protease activity dominates its ability
to antagonize IFN-β induction (154). Interestingly, nsp5 of both
PEDV and PDCoV target the glutamine 231 (Q231) of NEMO,
suggesting that nsp5 proteolytic cleavage of NEMO is highly
conserved and specific in both coronaviruses. This is in contrast
to cleavage of NEMO by 3C or 3C-like proteases of other viruses
such as the foot-and-mouth disease virus (FMDV), hepatitis A
virus (HAV), and porcine reproductive and respiratory syndrome
virus (PRRSV) which cleave NEMO at Q383, Q304, and E349,
respectively (157–159).

In addition to PDCoV nsp5 inhibition of IFN-β induction,
the protein also antagonizes type I IFN signaling downstream
of IFN Receptors by targeting the JAK-STAT pathway (153).
Zhu et al. demonstrated that PDCoV nsp5 cleaves STAT2,
one of the components of ISGF3, disrupting the function of
the ISGF3 complex in initiating the ISG-mediated antiviral
state. They also discovered that STAT2 cleavage activity is
probably unique to PDCoV nsp5, as no other coronavirus nsp5,
including those from PEDV, TGEV, SARS-CoV, MERS-CoV,
HCoV-229E, HCoV-OC43, and HCoV-NL63, could catalyze
STAT2 cleavage. Interestingly, while PEDV infection leads to no
cleavage of STAT2, it is capable of both promoting degradation
and interrupting activation of STAT1 without inhibiting STAT1

transcription (73). In their study, Guo et al. showed that
PEDV infected VeroE6 and IPEC-J2 cells had diminished STAT1
levels when compared to those in uninfected cells. Unlike
PDCoV-mediated STAT2 cleavage, PEDV infection-induced
STAT1 degradation relies on the ubiquitin-proteasome system.
Furthermore, although STAT1 degradation was confirmed in
PEDV-infected cells, it remains to be seen whether any PEDV
proteins are the main culprits responsible for this process.

Accessory Proteins
Although a great deal of evidence supports the notion that
coronavirus accessory proteins function in host–pathogen
interactions and mediate viral pathogenesis during coronavirus
infection in vivo (33, 160), emerging studies have begun to shed
light on the interplay between these accessory proteins and the
host innate immune system, arguing for their possible role in
the regulation of host antiviral responses (161–164). Notable
immune regulation activity has been reported for coronavirus
accessory proteins 3b (p3b), 6 (p6), and 9b (p9b) of SARS-CoV
translated from ORF3, ORF6, and ORF9, respectively; ORF4a
and ORF4b of MERS-CoV; and ns2 of mouse hepatitis virus
(MHV) (36, 163–170).

The possible role of PEDV’s sole accessory protein, ORF3
in host innate immune regulation remains as enigmatic as
its role in pathogenesis. So far, only one study has directly
implicated the PEDV ORF3 protein in suppression of type I
IFN induction in vitro, with overexpression of ORF3 resulting in
anti-IFN activity as assayed by a luciferase reporter assay (60).
Many groups have, however, proposed a role for ORF3 in virus
growth and replication (171–175), as some strains of cell-adapted
PEDV display either internal truncation or amino acid sequence
variation in the ORF3 gene (172, 175, 176). As these changes are
generally seen after adaptation to IFN-deficient Vero cells, there
is a possibility that future work may link ORF3 more strongly to
modulation of the innate immune response.

For PDCoV, three accessory proteins have been identified,
namely NS6, NS7, and NS7a (11, 30, 31). The function of
these proteins in viral replication, pathogenesis, and immune
regulation remain mostly unclear. NS6 has recently been shown
to antagonize the host innate immune response (35). Similar to
SARS-CoV accessory proteins ORF6 and ORF9b, PDCoV NS6
was identified as being virion-associated and an inhibitor of
IFN-β expression (30, 163, 177, 178). NS6 acts by blocking the
recognition or binding of dsRNA by RIG-I or MDA5, likely by
directly binding to either the C-terminal domain (CTD) of RIG-I
or the helicase domain and CTD of MDA-5, or both, as its ability
to bind to viral RNA was not observed (35).

Structural Proteins
The C-terminal end of the PEDV and PDCoV genomes encode
the structural proteins S, E, N, and M. Among these, ectopic
expression of PEDV E, N, and M has been shown to antagonize
the IFN-β and IRF3 activity (60). Recent successive publications
by Xu et al. also provided details on host cell responses to the
presence of PEDV E, M, and N proteins, specifically their effect
on cell growth and the cell cycle, ER stress, NF-κB activation, and
IL-8 and Bcl-2 expression (71, 72, 179).
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PEDV S

In addition to its indispensable role in virus entry into the
target cell through receptor binding and subsequent fusion
of the viral and cellular membranes, a recent study by Yang
et al. revealed the newly discovered role of the PEDV S
protein in the impairment of the anti-PEDV activity of type
I IFN (180). Yang et al. demonstrated that PEDV (both live
and killed) through direct interaction between the S protein
and epidermal growth factor receptor (EGFR), induced EGFR
activation which, in turn, augmented PEDV infection. They
further demonstrated that, by acting via one of its downstream
signaling pathways, namely JAK2-STAT3, the EGFR activation
helped to enhance, and facilitate PEDV replication. It is worth
pointing out that while the roles of EGFR signaling in the cell
to cell communication as well as the transformation of various
types of cancer were well documented (181, 182), its involvement
in facilitating PEDV infections through the suppression of
type I IFN-mediated antiviral response is in accordance with
previous findings described in studies of other viruses (183–185).
Although direct binding of the PEDV S protein to EGFR is
sufficient to trigger both the EGFR activation and the attenuation
of type I IFN activity, further studies are still needed to identify
the underlying mechanisms leading to the crosstalk between both
EGFR and type I IFN signals.

PEDV E

PEDV E protein is a small 7-kDa membrane protein encoded by
the E gene which is located downstream of PEDV ORF1a and
ORF1b. The protein plays an important role during coronavirus
budding (29). Xu et al. demonstrated that the E protein could
induce ER stress in transfected cells through up-regulation of
glucose-regulated protein 78 (GRP78), a marker of ER stress, and
activation of NF-κB, coinciding with E protein localization to the
ER (71). They also speculated that E protein-mediated activation
of NF-κB, in turn, would up-regulate expression of the neutrophil
chemotactic factor IL-8 as well as the anti-apoptotic protein Bcl2,
contributing to both an inflammatory response and persistent
PEDV infection. Whether, the effects above recapitulate what
really happens in PEDV-infected IECs is still unknown.

PEDV M

Unlike the E protein, PEDV M is equally distributed throughout
the whole cell instead of being localized mainly in the ER (179).
Compared to overexpression of PEDV structural E protein,
which was not found to have any effect on IEC growth and
cell cycle, PEDV M altered IEC growth and induced cell cycle
arrest in the S-phase via the cyclin A pathway. M protein
expression neither promoted IL-8 up-regulation nor NF-κB
activation in transfected IECs, probably due to the lack of ER
stress-inducing effects.

PEDV N

Among the 20 mature proteins encoded in PEDV genome,
the N protein is the most abundant protein in virus-infected
cells and acts as a multifunctional protein involved in viral
genome organization, virus assembly, cell cycle regulation,
apoptosis induction, host stress response, and translational

shutoff (186, 187). Similar to the E protein, PEDV N is also
localized to the ER. ER subcellular localization of both E and N,
but not M, might account for the ability of both proteins to cause
ER stress via IL-8 up-regulation and NF-κB activation (188, 189).

Consistent with the induction of the NF-κB pathway in
IECs, Cao et al. recently elucidated a possible mechanism
for N protein-mediated NF-κB activation. They demonstrated
that over-expressing PEDV N protein in IECs mediated NF-
κB activation through TLR2, TLR3, and TLR9 pathways as
siRNA silencing of these TLRs dramatically blocked PEDV-
induced NF-κB activation (118). Xu et al. also discovered
that PEDV N not only induced ER stress via up-regulation
of IL-8, Bcl-2, and NF-κB activation, but also inhibited cell
growth by prolonging the S phase stage of cell cycle and
cyclin A degradation (72). Enhancement of NF-κB signaling is
thought to be mediated through the immunodominant central
region of N (118).

In contrast to the enhancement of NF-κB signaling observed
by both Xu et al. and Cao et al. another recent study showed
that PEDV N inhibits IFN-β production and ISG expression by
competing with IRF3 for TBK1 binding (190). This interaction
inhibited both IRF3 activation and the production of type I IFNs.
In accordance with this, PEDVN, along with E andM, was shown
to down-regulate both IFN-β and IRF3 promoter activity in vitro
(60). As previously mentioned, by co-transfecting the plasmids
expressing PEDV E, M, and N protein with either pIFN-β-luc or
pIRF3-Luc plasmid in Hela cells, Zhang et al. observed a down-
regulation of both the IFN-β promoter and IRF3-dependent
luciferase activity. The results of this study suggest that the IRF3
signaling pathway is interfered in the suppression of the IFN-
β production by PEDV E, M, and N protein. Interestingly, this
molecular mechanism is distinct from IFN suppression mediated
by the N proteins of other coronaviruses such as SARS-CoV,
where N blocks an early step in IFN-β production, probably
sensor recognition of viral RNA (191), andMHV, where N targets
RNase L activity (192).

The discrepancies observed with the effects of PEDV N on
IFN-β and NF-κB induction, as well as the distinct molecular
mechanisms it uses to modulate innate immune responses point
to the possibility that N protein interacts with multiple host
signaling molecules involved in various host signaling pathways.
Taken together, the fact that N proteins of different coronaviruses
employ different mechanisms to interfere with multiple innate
signaling pathways clearly demonstrates the adaptability and
coevolution of each coronavirus to a specific host and its
associated innate immune pressure.

HARNESSING INNATE IMMUNE
ANTI-VIRAL ACTIVITY FOR PEDV AND
PDCoV DEFENSE

Harnessing fast-acting antiviral mechanisms of innate immunity
has shown promising results in combating a variety of pathogenic
viruses. Stimulation of TLR signaling pathways via the use
of TLR agonists, for example, has been shown to be an
effective means for treating certain viral infections. The use
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of TLR agonists as innate immune modulators was validated
in a study where treatment of vaginal mucosa with a TLR-3
agonist protected mice against genital herpes simplex virus-2
challenge (193). Furthermore, triggering of another endosomal
TLR, TLR-7, via systemic administration of a selective TLR7
agonist also elicited anti-hepatitis C virus activity in a clinical
setting (194). Direct correlation between such antiviral status
and upregulation of IFN production in response to TLR agonist
treatment was demonstrated by Cervantes-Barragan et al. where
type I IFNs were found to play a dominant role in TLR-
mediated antiviral effects (195). In their study, pDCs were
identified as the major source of type I IFN when induced
through TLR-7 stimulation. While rapid type I IFN production
in pDCs was observed following infection with mouse hepatitis
virus (MHV), a betacoronavirus, its induction was abrogated
in TLR7−/− or MyD88−/− MHV-infected mice, indicating that
MHV-mediated type I IFN induction in pDCs was triggered
via the TLR7/MyD88 pathway. These observations suggest that
the presence of functional type I IFN-producing pDCs in swine
GI tracts during exposure to PEDV and/or PDCoV may help
to restrict replication of these viruses and thereby regulate the
magnitude of clinical severity.

In addition to the induction of antiviral mechanisms via
TLR agonists, modulation of the innate immune pathway has
also been attempted with synthetic polypeptides harboring
innate immune modulatory activities (196). In this study,
the recombinant polypeptide N’-CARD-PTD was generated
by fusing the N-terminal nuclear localization signal (NLS)
of histone H2B, the caspase recruitment domain (CARD) of
MAVS, and a protein transduction domain (PTD). Like the
TLR agonists discussed previously, these recombinant fusion
polypeptides induced strong production of type I IFNs, albeit
via a pathway distinct from TLR-mediated signaling. In addition
to its potent immunomodulatory function, N’-CARD PTD also
augmented immune responses against influenza virus challenge
in a mouse model. Whether systemic or local administration of
such immunomodulatory polypeptides can restrict PEDV and
PDCoV infection in swine is an intriguing question that remains
to be explored.

Taking advantage of the knowledge that type I IFNs confer
immediate and powerful antiviral responses, several groups
of investigators have demonstrated the use of adenovirus
type 5 (Ad5) vector-mediated ectopic expression of porcine
IFNs or a constitutively active fusion protein of porcine IRF3
and IRF7 [poIRF7/3(5D)] for rapid cross protection against
foot-and-mouth disease virus (FMDV) (197–202). While Ad5
vector-based expression of IFNs were found to be potent
in the control of FMDV infection, relatively high doses of
recombinant Ad5 viruses were required, restricting large-scale
application as well as use in emergencies. The efficacy of
Ad5 as a biotherapeutic was notably higher when expressing
the poIRF7/3(5D) fusion protein, achieving prolonged systemic
anti-FMDV activity and upregulation of ISGs in peripheral
blood mononuclear cells (PBMC) in inoculated swine (202).
The “proof of concept” use of Ad5-poIRF7/3(5D) in the
protection of swine against FMDV points to the possibility
that GI tract-targeted expression of type I IFNs as well as

IRF7/3(5D) could be successfully used to restrict both PEDV
and PDCoV. Furthermore, by utilizing similar virus vector-based
platforms, regulated, and organ-specific expression of type III
IFN could potentially be harnessed to protect against PEDV and
PDCoV infection.

The combination of reverse genetics technology to generate
recombinant infectious cDNA clones and our growing
understanding of viral protein functions in modulating
innate immune responses can also lead to the design of more
effective candidate vaccines. IFN antagonism by non-structural,
structural, and accessory proteins of PEDV and/or PDCoV
such as nsp1, nsp3, nsp5, E, M, N, and NS6 can potentially be
attenuated by deletion or truncation of these genes, leading to
the generation of live attenuated vaccines. Consistent with this
idea, disruption or mutation of the SARS-CoV E gene has been
a strategy used to generate promising live attenuated SARS-CoV
vaccines (203, 204). Furthermore, a TGEV strain with a deleted
E gene (TGEV-1E) was also put forth as a potential vaccine
candidate, demonstrating the ability to target mucosal tissue and
induce secretory immunity (205). Despite these observations,
the potential of attenuated PEDV and PDCoV carrying a
disrupted E gene (or any other genes) as vaccine candidates await
further investigation.

Given the critical role of many innate immune mediators,
particularly the IFN system, in alleviating severe clinical
symptoms, eliminating viral infection, and enhancing vaccine
immunogenicity, innate immune machineries may prove
powerful tools for tackling a broad range of viral diseases.
Indeed, the studies described above accentuate the value and
effectiveness of harnessing our knowledge regarding these
machineries in antiviral strategies.

CONCLUDING REMARKS

To establish productive infection, invading viruses need to
overcome their host’s first line of defense, the innate immune
response. Though competent and effective in protecting the host
against most microorganisms, this response is still susceptible
to antagonism and subversion by pathogenic viruses. Porcine
enteritis coronaviruses PEDV and PDCoV, which have recently
emerged as important swine pathogens, have evolved strategies
to overcome host innate immunity by either avoiding being
recognized by PRRs, inhibiting IFN induction, or antagonizing
IFN signaling and antiviral effector machinery. While current
research has provided copious amounts of invaluable data on
how other coronaviruses such as SARS-CoV target molecules
involved in the host innate immune response, studies dedicated
to host-PEDV and PDCoV interaction have just started to
gain traction.

Although both PEDV and PDCoV target pig enterocytes in
the intestinal villi, the most common in vitro cell culture systems
used to study these viruses are not derived from porcine IECs.
Both newly derived porcine IEC lines and the availability of
three-dimensional intestinal organoids will undoubtedly serve as
alternative and more physiologically relevant models for future
studies of PEDV- and PDCoV-host interaction. Furthermore,
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more in-depth study of PEDV and PDCoV pathogenesis in vivo
will provide less biased data to identify novel host innate immune
modulators in the context of viral infection.

Due to their prominent early antiviral function, much
attention has been dedicated to type I IFNs. While the
defensive roles of type I IFNs in PEDV and PDCoV infection
are indisputable, the importance of type III IFNs cannot be
ignored. As type III IFNs are selectively expressed by epithelial
cells of the intestinal villi in response to viral infection, its
roles in anti-PEDV and PDCoV responses warrant a more
thorough investigation.

The development of novel and effective mucosal adjuvants
and delivery systems may be key to successful PEDV and
PDCoV vaccine design for the induction of mucosal immunity,
lactogenic immunity and possibly active immunity in newborn
piglets. Ultimately, deeper understanding of host early anti-
PEDV and PDCoV response will help pave the way to harness

our understanding of innate immunity for the development of
therapeutic interventions and novel antiviral compounds.

AUTHOR CONTRIBUTIONS

SK, ST, and AJ contributed conception and design of the study.
SK wrote the first draft of the manuscript. ST, PF, and TC wrote
sections of themanuscript. All authors contributed tomanuscript
revision, read, and approve the submitted version.

ACKNOWLEDGMENTS

We thank the National Science and Technology Development
Agency, Thailand, and the Betagro Science Center for co-funding
(P-11-00087, P-12-01765, P-14-50863) our PEDVwork described
in this review. Ongoing work is supported by the BIOTEC
Fellows’ Grant (P-15-51261).

REFERENCES

1. Woo PCY, Lau SKP, Huang Y, Yuen K-Y. Coronavirus diversity, phylogeny
and interspecies jumping. Exp Biol Med Maywood NJ. (2009) 234:1117–27.
doi: 10.3181/0903-MR-94

2. Woo PCY, Lau SKP, Lam CSF, Lau CCY, Tsang AKL, Lau JHN, 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. doi: 10.1128/JVI.06540-11

3. Pensaert MB, de Bouck P. A new coronavirus-like particle associated with
diarrhea in swine. Arch Virol. (1978) 58:243–7. doi: 10.1007/BF01317606

4. Wood EN. An apparently new syndrome of porcine epidemic diarrhoea. Vet
Rec. (1977) 100:243–4. doi: 10.1136/vr.100.12.243

5. Song D, Park B. Porcine epidemic diarrhoea virus: a comprehensive review
of molecular epidemiology, diagnosis, and vaccines. Virus Genes (2012)
44:167–75. doi: 10.1007/s11262-012-0713-1

6. Li W, Li H, Liu Y, Pan Y, Deng F, Song Y, et al. New variants of porcine
epidemic diarrhea virus, China, 2011. Emerg Infect Dis. (2012) 18:1350–3.
doi: 10.3201/eid1803.120002

7. Luo Y, Zhang J, Deng X, Ye Y, Liao M, Fan H. Complete genome sequence of
a highly prevalent isolate of porcine epidemic diarrhea virus in South China.
J Virol. (2012) 86:9551. doi: 10.1128/JVI.01455-12

8. Sun RQ, Cai RJ, Chen YQ, Liang PS, Chen DK, Song CX. Outbreak of
porcine epidemic diarrhea in suckling piglets, China. Emerg Infect Dis. (2012)
18:161–3. doi: 10.3201/eid1801.111259

9. Huang Y-W, Dickerman AW, Piñeyro P, Li L, Fang L, Kiehne R,
et al. Origin, evolution, and genotyping of emergent porcine epidemic
diarrhea virus strains in the United States. MBio (2013) 4:e00737–e00713.
doi: 10.1128/mBio.00737-13

10. Dong N, Fang L, Zeng S, Sun Q, Chen H, Xiao S. Porcine
deltacoronavirus in mainland China. Emerg Infect Dis. (2015) 21:2254–5.
doi: 10.3201/eid2112.150283

11. Song D, Zhou X, Peng Q, Chen Y, Zhang F, Huang T, et al. Newly
emerged porcine deltacoronavirus associated with diarrhoea in swine in
China: identification, prevalence and full-length genome sequence analysis.
Transbound Emerg Dis. (2015) 62:575–80. doi: 10.1111/tbed.12399

12. Janetanakit T, Lumyai M, Bunpapong N, Boonyapisitsopa S, Chaiyawong S,
Nonthabenjawan N, et al. Porcine deltacoronavirus, Thailand, 2015. Emerg

Infect Dis. (2016) 22:757–9. doi: 10.3201/eid2204.151852
13. Lee S, Lee C. Complete genome characterization of Korean porcine

deltacoronavirus strain KOR/KNU14-04/2014. Genome Announc. (2014)
2:14. doi: 10.1128/genomeA.01191-14

14. Chen Q, Gauger P, Stafne M, Thomas J, Arruda P, Burrough E, et al.
Pathogenicity and pathogenesis of a United States porcine deltacoronavirus
cell culture isolate in 5-day-old neonatal piglets. Virology (2015) 482:51–9.
doi: 10.1016/j.virol.2015.03.024

15. Jung K, Hu H, Saif LJ. Porcine deltacoronavirus infection: Etiology, cell
culture for virus isolation and propagation, molecular epidemiology and
pathogenesis. Virus Res. (2016) 226:50–9. doi: 10.1016/j.virusres.2016.04.009

16. Jung K, Hu H, Eyerly B, Lu Z, Chepngeno J, Saif LJ. Pathogenicity of 2
porcine deltacoronavirus strains in gnotobiotic pigs. Emerg Infect Dis. (2015)
21:650–4. doi: 10.3201/eid2104.141859

17. Wang L, Byrum B, Zhang Y. Detection and genetic characterization of
deltacoronavirus in pigs, Ohio, USA, 2014. Emerg Infect Dis. (2014) 20:1227–
30. doi: 10.3201/eid2007.140296

18. Chattha KS, Roth JA, Saif LJ. Strategies for design and application
of enteric viral vaccines. Annu Rev Anim Biosci. (2015) 3:375–95.
doi: 10.1146/annurev-animal-022114-111038

19. Tomasello E, Pollet E, Vu Manh T-P, Uzé G, Dalod M. Harnessing
mechanistic knowledge on beneficial versus deleterious IFN-I effects
to design innovative immunotherapies targeting cytokine activity to
specific cell types. Front Immunol. (2014) 5:526. doi: 10.3389/fimmu.2014.
00526

20. Haverson K, Riffault S. Antigen presenting cells in mucosal sites of veterinary
species. Vet Res. (2006) 37:339–58. doi: 10.1051/vetres:2006005

21. Jensen S, Thomsen AR. Sensing of RNA viruses: a review of innate immune
receptors involved in recognizing RNA virus invasion. J Virol. (2012)
86:2900–10. doi: 10.1128/JVI.05738-11

22. Charley B, Riffault S, Van Reeth K. Porcine innate and adaptative immune
responses to influenza and coronavirus infections. Ann N Y Acad Sci. (2006)
1081:130–6. doi: 10.1196/annals.1373.014

23. Annamalai T, Saif LJ, Lu Z, Jung K. Age-dependent variation in innate
immune responses to porcine epidemic diarrhea virus infection in suckling
versus weaned pigs. Vet Immunol Immunopathol. (2015) 168:193–202.
doi: 10.1016/j.vetimm.2015.09.006

24. Masters PS. The molecular biology of coronaviruses. Adv Virus Res. (2006)
66:193–292. doi: 10.1016/S0065-3527(06)66005-3

25. Ziebuhr J, Snijder EJ, Gorbalenya AE. Virus-encoded proteinases and
proteolytic processing in the Nidovirales. J Gen Virol. (2000) 81:853–79.
doi: 10.1099/0022-1317-81-4-853

26. Fehr AR, Perlman S. Coronaviruses: an overview of their replication
and pathogenesis. Methods Mol Biol Clifton NJ. (2015) 1282:1–23.
doi: 10.1007/978-1-4939-2438-7_1

27. Harcourt BH, Jukneliene D, Kanjanahaluethai A, Bechill J, Severson
KM, Smith CM, et al. Identification of severe acute respiratory
syndrome coronavirus replicase products and characterization

Frontiers in Veterinary Science | www.frontiersin.org 11 February 2019 | Volume 6 | Article 34

https://doi.org/10.3181/0903-MR-94
https://doi.org/10.1128/JVI.06540-11
https://doi.org/10.1007/BF01317606
https://doi.org/10.1136/vr.100.12.243
https://doi.org/10.1007/s11262-012-0713-1
https://doi.org/10.3201/eid1803.120002
https://doi.org/10.1128/JVI.01455-12
https://doi.org/10.3201/eid1801.111259
https://doi.org/10.1128/mBio.00737-13
https://doi.org/10.3201/eid2112.150283
https://doi.org/10.1111/tbed.12399
https://doi.org/10.3201/eid2204.151852
https://doi.org/10.1128/genomeA.01191-14
https://doi.org/10.1016/j.virol.2015.03.024
https://doi.org/10.1016/j.virusres.2016.04.009
https://doi.org/10.3201/eid2104.141859
https://doi.org/10.3201/eid2007.140296
https://doi.org/10.1146/annurev-animal-022114-111038
https://doi.org/10.3389/fimmu.2014.00526
https://doi.org/10.1051/vetres:2006005
https://doi.org/10.1128/JVI.05738-11
https://doi.org/10.1196/annals.1373.014
https://doi.org/10.1016/j.vetimm.2015.09.006
https://doi.org/10.1016/S0065-3527(06)66005-3
https://doi.org/10.1099/0022-1317-81-4-853
https://doi.org/10.1007/978-1-4939-2438-7_1
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Koonpaew et al. PEDV and PDCoV Innate Immunity

of papain-like protease activity. J Virol. (2004) 78:13600–12.
doi: 10.1128/JVI.78.24.13600-13612.2004

28. Prentice E, McAuliffe J, Lu X, Subbarao K, Denison MR. Identification and
characterization of severe acute respiratory syndrome coronavirus replicase
proteins. J Virol. (2004) 78:9977–86. doi: 10.1128/JVI.78.18.9977-9986.2004

29. Kocherhans R, Bridgen A, Ackermann M, Tobler K. Completion of the
porcine epidemic diarrhoea coronavirus (PEDV) genome sequence. Virus
Genes (2001) 23:137–44. doi: 10.1023/A:1011831902219

30. Fang P, Fang L, Liu X, Hong Y, Wang Y, Dong N, et al. Identification and
subcellular localization of porcine deltacoronavirus accessory protein NS6.
Virology (2016) 499:170–7. doi: 10.1016/j.virol.2016.09.015

31. Fang P, Fang L, Hong Y, Liu X, Dong N, Ma P, et al. Discovery of a novel
accessory protein NS7a encoded by porcine deltacoronavirus. J Gen Virol.
(2017) 98:173–8. doi: 10.1099/jgv.0.000690

32. Zhang Q, Yoo D. Immune evasion of porcine enteric coronaviruses and
viral modulation of antiviral innate signaling. Virus Res. (2016) 226:128–41.
doi: 10.1016/j.virusres.2016.05.015

33. de Haan CAM,Masters PS, Shen X,Weiss S, Rottier PJM. The group-specific
murine coronavirus genes are not essential, but their deletion, by reverse
genetics, is attenuating in the natural host. Virology (2002) 296:177–89.
doi: 10.1006/viro.2002.1412

34. Law PTW, Wong C-H, Au TCC, Chuck C-P, Kong S-K, Chan PKS,
et al. The 3a protein of severe acute respiratory syndrome-associated
coronavirus induces apoptosis in Vero E6 cells. J Gen Virol. (2005) 86:1921–
30. doi: 10.1099/vir.0.80813-0

35. Fang P, Fang L, Ren J, Hong Y, Liu X, Zhao Y, et al. Porcine
Deltacoronavirus Accessory Protein NS6 Antagonizes Interferon Beta
Production by Interfering with the Binding of RIG-I/MDA5 to Double-
Stranded RNA. J Virol. (2018) 92:18. doi: 10.1128/JVI.00712-18

36. Niemeyer D, Zillinger T, Muth D, Zielecki F, Horvath G, Suliman T, et al.
Middle East respiratory syndrome coronavirus accessory protein 4a is a type I
interferon antagonist. J Virol. (2013) 87:12489–95. doi: 10.1128/JVI.01845-13

37. Siu KL, Yeung ML, Kok KH, Yuen KS, Kew C, Lui PY, et al. Middle
east respiratory syndrome coronavirus 4a protein is a double-stranded
RNA-binding protein that suppresses PACT-induced activation of RIG-I
and MDA5 in the innate antiviral response. J Virol. (2014) 88:4866–76.
doi: 10.1128/JVI.03649-13

38. Morilla A, Yoon K-J, Zimmerman JJ. Trends in Emerging Viral Infections of

Swine.Ames, IA: Iowa State Press (2002) p. 387. doi: 10.1002/9780470376812
39. Dee S, Clement T, Schelkopf A, Nerem J, Knudsen D, Christopher-Hennings

J, et al. An evaluation of contaminated complete feed as a vehicle for porcine
epidemic diarrhea virus infection of naïve pigs following consumption via
natural feeding behavior: proof of concept. BMC Vet Res. (2014) 10:176.
doi: 10.1186/s12917-014-0176-9

40. Lowe J, Gauger P, Harmon K, Zhang J, Connor J, Yeske P, et al.
Role of transportation in spread of porcine epidemic diarrhea
virus infection, United States. Emerg Infect Dis. (2014) 20:872–4.
doi: 10.3201/eid2005.131628

41. Debouck P, Pensaert M. Experimental infection of pigs with a new porcine
enteric coronavirus, CV 777. Am J Vet Res. (1980) 41:219–23.

42. Sueyoshi M, Tsuda T, Yamazaki K, Yoshida K, Nakazawa M, Sato K, et al. An
immunohistochemical investigation of porcine epidemic diarrhoea. J Comp

Pathol. (1995) 113:59–67. doi: 10.1016/S0021-9975(05)80069-6
43. Li BX, Ge JW, Li YJ. Porcine aminopeptidase N is a functional

receptor for the PEDV coronavirus. Virology (2007) 365:166–72.
doi: 10.1016/j.virol.2007.03.031

44. Li W, Hulswit RJG, Kenney SP, Widjaja I, Jung K, Alhamo MA, et al. Broad
receptor engagement of an emerging global coronavirus may potentiate its
diverse cross-species transmissibility. Proc Natl Acad Sci. (2018) 2018:02879.
doi: 10.1073/pnas.1802879115

45. Cong Y, Ren X. Coronavirus entry and release in polarized epithelial cells: a
review. Rev Med Virol. (2014) 24:308–15. doi: 10.1002/rmv.1792

46. Qinfen Z, Jinming C, Xiaojun H, Huanying Z, Jicheng H, Ling F, et al. The
life cycle of SARS coronavirus in Vero E6 cells. J Med Virol. (2004) 73:332–7.
doi: 10.1002/jmv.20095

47. Wurm T, Chen H, Hodgson T, Britton P, Brooks G, Hiscox JA. Localization
to the nucleolus is a common feature of coronavirus nucleoproteins, and

the protein may disrupt host cell division. J Virol. (2001) 75:9345–56.
doi: 10.1128/JVI.75.19.9345-9356.2001

48. Zhou X, Cong Y, Veenendaal T, Klumperman J, Shi D, Mari M, et al.
Ultrastructural characterization of membrane rearrangements induced
by porcine epidemic diarrhea virus infection. Viruses (2017) 9:251.
doi: 10.3390/v9090251

49. FriemanM, Heise M, Baric R. SARS coronavirus and innate immunity. Virus
Res. (2008) 133:101–12. doi: 10.1016/j.virusres.2007.03.015

50. Totura AL, Baric RS. SARS coronavirus pathogenesis: host innate immune
responses and viral antagonism of interferon. Curr Opin Virol. (2012) 2:264–
75. doi: 10.1016/j.coviro.2012.04.004

51. Tseng C-TK, Perrone LA, Zhu H, Makino S, Peters CJ. Severe acute
respiratory syndrome and the innate immune responses: modulation of
effector cell function without productive infection. J. Immunol. Baltim. Md

(2005) 174:7977–85. doi: 10.4049/jimmunol.174.12.7977
52. Chan RWY, Chan MCW, Agnihothram S, Chan LLY, Kuok DIT, Fong

JHM, et al. Tropism of and innate immune responses to the novel human
betacoronavirus lineage C virus in human ex vivo respiratory organ cultures.
J Virol. (2013) 87:6604–14. doi: 10.1128/JVI.00009-13

53. Zielecki F, Weber M, Eickmann M, Spiegelberg L, Zaki AM, Matrosovich M,
et al. Human cell tropism and innate immune system interactions of human
respiratory coronavirus EMC compared to those of severe acute respiratory
syndrome coronavirus. J Virol. (2013) 87:5300–4. doi: 10.1128/JVI.03496-12

54. HofmannM,Wyler R. Propagation of the virus of porcine epidemic diarrhea
in cell culture. J Clin Microbiol. (1988) 26:2235–9.

55. ChenQ, Li G, Stasko J, Thomas JT, StenslandWR, Pillatzki AE, et al. Isolation
and characterization of porcine epidemic diarrhea viruses associated with the
2013 disease outbreak among swine in the United States. J Clin Microbiol.
(2014) 52:234–43. doi: 10.1128/JCM.02820-13

56. Desmyter J, Melnick JL, Rawls WE. Defectiveness of interferon production
and of rubella virus interference in a line of African green monkey kidney
cells (Vero). J Virol. (1968) 2:955–61.

57. Diaz MO, Ziemin S, Le Beau MM, Pitha P, Smith SD, Chilcote RR, et al.
Homozygous deletion of the alpha- and beta 1-interferon genes in human
leukemia and derived cell lines. Proc Natl Acad Sci USA. (1988) 85:5259–63.
doi: 10.1073/pnas.85.14.5259

58. Mosca JD, Pitha PM. Transcriptional and posttranscriptional regulation of
exogenous human beta interferon gene in simian cells defective in interferon
synthesis.Mol Cell Biol. (1986) 6:2279–83. doi: 10.1128/MCB.6.6.2279

59. Osada N, Kohara A, Yamaji T, Hirayama N, Kasai F, Sekizuka T, et al.
The genome landscape of the african green monkey kidney-derived vero
cell line. DNA Res Int J Rapid Publ Rep Genes Genomes (2014) 21:673–83.
doi: 10.1093/dnares/dsu029

60. Zhang Q, Shi K, Yoo D. Suppression of type I interferon production by
porcine epidemic diarrhea virus and degradation of CREB-binding protein
by nsp1. Virology (2016) 489:252–68. doi: 10.1016/j.virol.2015.12.010

61. Zhang Q, Ma J, Yoo D. Inhibition of NF-κB activity by the porcine epidemic
diarrhea virus nonstructural protein 1 for innate immune evasion. Virology
(2017) 510:111–26. doi: 10.1016/j.virol.2017.07.009

62. Liu C, Tang J, Ma Y, Liang X, Yang Y, Peng G, et al. Receptor usage and cell
entry of porcine epidemic diarrhea coronavirus. J Virol. (2015) 89:6121–5.
doi: 10.1128/JVI.00430-15

63. Teeravechyan S, Frantz PN, Wongthida P, Chailangkarn T, Jaru-Ampornpan
P, Koonpaew S, et al. Deciphering the biology of porcine epidemic
diarrhea virus in the era of reverse genetics. Virus Res. (2016) 226:152–71.
doi: 10.1016/j.virusres.2016.05.003

64. Hu H, Jung K, Vlasova AN, Chepngeno J, Lu Z, Wang Q, et al.
Isolation and characterization of porcine deltacoronavirus from pigs
with diarrhea in the United States. J Clin Microbiol. (2015) 53:1537–48.
doi: 10.1128/JCM.00031-15

65. Jung K, Hu H, Saif LJ. Porcine deltacoronavirus induces apoptosis in
swine testicular and LLC porcine kidney cell lines in vitro but not in
infected intestinal enterocytes in vivo. Vet Microbiol. (2016) 182:57–63.
doi: 10.1016/j.vetmic.2015.10.022

66. Luo J, Fang L, Dong N, Fang P, Ding Z, Wang D, et al. Porcine
deltacoronavirus (PDCoV) infection suppresses RIG-I-mediated interferon-
β production. Virology (2016) 495:10–7. doi: 10.1016/j.virol.2016.04.025

Frontiers in Veterinary Science | www.frontiersin.org 12 February 2019 | Volume 6 | Article 34

https://doi.org/10.1128/JVI.78.24.13600-13612.2004
https://doi.org/10.1128/JVI.78.18.9977-9986.2004
https://doi.org/10.1023/A:1011831902219
https://doi.org/10.1016/j.virol.2016.09.015
https://doi.org/10.1099/jgv.0.000690
https://doi.org/10.1016/j.virusres.2016.05.015
https://doi.org/10.1006/viro.2002.1412
https://doi.org/10.1099/vir.0.80813-0
https://doi.org/10.1128/JVI.00712-18
https://doi.org/10.1128/JVI.01845-13
https://doi.org/10.1128/JVI.03649-13
https://doi.org/10.1002/9780470376812
https://doi.org/10.1186/s12917-014-0176-9
https://doi.org/10.3201/eid2005.131628
https://doi.org/10.1016/S0021-9975(05)80069-6
https://doi.org/10.1016/j.virol.2007.03.031
https://doi.org/10.1073/pnas.1802879115
https://doi.org/10.1002/rmv.1792
https://doi.org/10.1002/jmv.20095
https://doi.org/10.1128/JVI.75.19.9345-9356.2001
https://doi.org/10.3390/v9090251
https://doi.org/10.1016/j.virusres.2007.03.015
https://doi.org/10.1016/j.coviro.2012.04.004
https://doi.org/10.4049/jimmunol.174.12.7977
https://doi.org/10.1128/JVI.00009-13
https://doi.org/10.1128/JVI.03496-12
https://doi.org/10.1128/JCM.02820-13
https://doi.org/10.1073/pnas.85.14.5259
https://doi.org/10.1128/MCB.6.6.2279
https://doi.org/10.1093/dnares/dsu029
https://doi.org/10.1016/j.virol.2015.12.010
https://doi.org/10.1016/j.virol.2017.07.009
https://doi.org/10.1128/JVI.00430-15
https://doi.org/10.1016/j.virusres.2016.05.003
https://doi.org/10.1128/JCM.00031-15
https://doi.org/10.1016/j.vetmic.2015.10.022
https://doi.org/10.1016/j.virol.2016.04.025
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Koonpaew et al. PEDV and PDCoV Innate Immunity

67. Wang J, Hu G, Lin Z, He L, Xu L, Zhang Y. Characteristic and functional
analysis of a newly established porcine small intestinal epithelial cell line.
PLoS ONE (2014) 9:e0110916. doi: 10.1371/journal.pone.0110916

68. Cong Y, Li X, Bai Y, Lv X, Herrler G, Enjuanes L, et al. Porcine
aminopeptidase N mediated polarized infection by porcine
epidemic diarrhea virus in target cells. Virology (2015) 478:1–8.
doi: 10.1016/j.virol.2015.01.020

69. Li W, Wang G, Liang W, Kang K, Guo K, Zhang Y. Integrin β3 is required
in infection and proliferation of classical swine fever virus. PLoS ONE (2014)
9:e110911. doi: 10.1371/journal.pone.0110911

70. Shi W, Jia S, Zhao H, Yin J, Wang X, Yu M, et al. Novel Approach for
Isolation and Identification of Porcine Epidemic Diarrhea Virus (PEDV)
Strain NJ Using Porcine Intestinal Epithelial Cells. Viruses (2017) 9:9010019.
doi: 10.3390/v9010019

71. Xu X, Zhang H, Zhang Q, Dong J, Liang Y, Huang Y, et al.
Porcine epidemic diarrhea virus E protein causes endoplasmic reticulum
stress and up-regulates interleukin-8 expression. Virol J. (2013) 10:26.
doi: 10.1186/1743-422X-10-26

72. Xu X, Zhang H, Zhang Q, Huang Y, Dong J, Liang Y, et al. Porcine epidemic
diarrhea virus N protein prolongs S-phase cell cycle, induces endoplasmic
reticulum stress, and up-regulates interleukin-8 expression. Vet Microbiol.
(2013) 164:212–21. doi: 10.1016/j.vetmic.2013.01.034

73. Guo L, Luo X, Li R, Xu Y, Zhang J, Ge J, et al. Porcine epidemic diarrhea virus
infection inhibits interferon signaling by targeted degradation of STAT1. J
Virol. (2016) 90:8281–92. doi: 10.1128/JVI.01091-16

74. Zhang Q, Ke H, Blikslager A, Fujita T, Yoo D. Type III interferon restriction
by porcine epidemic diarrhea virus and the role of viral protein nsp1 in IRF1
signaling. J Virol. 92:e01677-17. doi: 10.1128/JVI.01677-17

75. Hare D, Collins S, Cuddington B, Mossman K, Hare D, Collins S, et al.
The importance of physiologically relevant cell lines for studying virus–host
interactions. Viruses (2016) 8:297. doi: 10.3390/v8110297

76. Cao L, Ge X, Gao Y, Herrler G, Ren Y, Ren X, et al. Porcine epidemic diarrhea
virus inhibits dsRNA-induced interferon-β production in porcine intestinal
epithelial cells by blockade of the RIG-I-mediated pathway. Virol J. (2015)
12:127. doi: 10.1186/s12985-015-0345-x

77. Schulz KS, Mossman KL. Viral evasion strategies in type I IFN signaling
- a summary of recent developments. Front Immunol. (2016) 7:498.
doi: 10.3389/fimmu.2016.00498

78. Lester SN, Li K. Toll-like receptors in antiviral innate immunity. J Mol Biol.
(2014) 426:1246–64. doi: 10.1016/j.jmb.2013.11.024

79. Loo Y-M, Gale M. Immune signaling by RIG-I-like receptors. Immunity

(2011) 34:680–92. doi: 10.1016/j.immuni.2011.05.003
80. Franchi L, Warner N, Viani K, Nuñez G. Function of Nod-like receptors in

microbial recognition and host defense. Immunol Rev. (2009) 227:106–28.
doi: 10.1111/j.1600-065X.2008.00734.x

81. Kanneganti T-D, Lamkanfi M, Núñez G. Intracellular NOD-like
receptors in host defense and disease. Immunity (2007) 27:549–59.
doi: 10.1016/j.immuni.2007.10.002

82. Kawasaki T, Kawai T. Toll-like receptor signaling pathways. Front Immunol.
(2014) 5:461. doi: 10.3389/fimmu.2014.00461

83. Reikine S, Nguyen JB, Modis Y. Pattern recognition and signaling
mechanisms of RIG-I and MDA5. Front Immunol. (2014) 5:342.
doi: 10.3389/fimmu.2014.00342

84. Fitzgerald KA, McWhirter SM, Faia KL, Rowe DC, Latz E, Golenbock DT,
et al. IKKepsilon and TBK1 are essential components of the IRF3 signaling
pathway. Nat Immunol. (2003) 4:491–6. doi: 10.1038/ni921

85. Randall RE, Goodbourn S. Interferons and viruses: an interplay between
induction, signalling, antiviral responses and virus countermeasures. J Gen
Virol. (2008) 89:1–47. doi: 10.1099/vir.0.83391-0

86. Levy DE, García-Sastre A. The virus battles: IFN induction of the antiviral
state and mechanisms of viral evasion. Cytokine Growth Factor Rev. (2001)
12:143–56. doi: 10.1016/S1359-6101(00)00027-7

87. Samuel CE. Antiviral actions of interferons. Clin Microbiol Rev. (2001)
14:778–809. doi: 10.1128/CMR.14.4.778-809.2001

88. Stark GR, Kerr IM, Williams BR, Silverman RH, Schreiber RD. How
cells respond to interferons. Annu Rev Biochem. (1998) 67:227–64.
doi: 10.1146/annurev.biochem.67.1.227

89. Takaoka A, Yanai H. Interferon signalling network in innate defence. Cell
Microbiol. (2006) 8:907–22. doi: 10.1111/j.1462-5822.2006.00716.x

90. Lazear HM, Nice TJ, Diamond MS. Interferon-λ: Immune Functions
at Barrier Surfaces and Beyond. Immunity (2015) 43:15–28.
doi: 10.1016/j.immuni.2015.07.001

91. Kotenko SV, Durbin JE. Contribution of type III interferons to antiviral
immunity: location, location, location. J Biol Chem. (2017) 292:7295–303.
doi: 10.1074/jbc.R117.777102

92. Jewell NA, Cline T,Mertz SE, Smirnov SV, Flaño E, Schindler C, et al. Lambda
interferon is the predominant interferon induced by influenza A virus
infection in vivo. J Virol. (2010) 84:11515–22. doi: 10.1128/JVI.01703-09

93. Nakagawa S, Hirata Y, Kameyama T, Tokunaga Y, Nishito Y, Hirabayashi
K, et al. Targeted induction of interferon-λ in humanized chimeric mouse
liver abrogates hepatotropic virus infection. PLoS ONE (2013) 8:e59611.
doi: 10.1371/journal.pone.0059611

94. Lin J-D, Feng N, Sen A, Balan M, Tseng H-C, McElrath C, et al. Distinct
roles of type I and type III interferons in intestinal immunity to homologous
and heterologous rotavirus infections. PLoS Pathog. (2016) 12:e1005600.
doi: 10.1371/journal.ppat.1005600

95. Mahlakõiv T, Hernandez P, Gronke K, Diefenbach A, Staeheli P. Leukocyte-
derived IFN-α/β and epithelial IFN-λ constitute a compartmentalized
mucosal defense system that restricts enteric virus infections. PLOS Pathog.
(2015) 11:e1004782. doi: 10.1371/journal.ppat.1004782

96. Okabayashi T, Kojima T, Masaki T, Yokota S-I, Imaizumi T, Tsutsumi H,
et al. Type-III interferon, not type-I, is the predominant interferon induced
by respiratory viruses in nasal epithelial cells. Virus Res. (2011) 160:360–6.
doi: 10.1016/j.virusres.2011.07.011

97. Ingle H, Peterson ST, Baldridge MT. Distinct effects of type I and III
interferons on enteric viruses. Viruses (2018) 10:46. doi: 10.3390/v10010046

98. Durbin RK, Kotenko SV, Durbin JE. Interferon induction and function at the
mucosal surface. Immunol Rev. (2013) 255:25–39. doi: 10.1111/imr.12101

99. Odendall C, Dixit E, Stavru F, Bierne H, Franz KM, Durbin AF, et al.
Diverse intracellular pathogens activate type III interferon expression from
peroxisomes. Nat Immunol. (2014) 15:717–26. doi: 10.1038/ni.2915

100. Dixit E, Boulant S, Zhang Y, Lee ASY, Odendall C, Shum B, et al. Peroxisomes
are signaling platforms for antiviral innate immunity. Cell (2010) 141:668–
81. doi: 10.1016/j.cell.2010.04.018

101. Seth RB, Sun L, Ea C-K, Chen ZJ. Identification and characterization of
MAVS, a mitochondrial antiviral signaling protein that activates NF-kappaB
and IRF 3. Cell (2005) 122:669–82. doi: 10.1016/j.cell.2005.08.012

102. Rouse BT, Sehrawat S. Immunity and immunopathology to viruses:
what decides the outcome? Nat Rev Immunol. (2010) 10:514–26.
doi: 10.1038/nri2802

103. Gasteiger G, D’Osualdo A, Schubert DA, Weber A, Bruscia EM, Hartl D.
Cellular Innate Immunity: An Old Game with New Players. J Innate Immun.
(2017) 9:111–25.

104. Gao Q, Zhao S, Qin T, Yin Y, Yang Q. Effects of porcine epidemic diarrhea
virus on porcine monocyte-derived dendritic cells and intestinal dendritic
cells. Vet Microbiol. (2015) 179:131–41. doi: 10.1016/j.vetmic.2015.05.016

105. Wang X, Ohnstad M, Nelsen A, Nelson E. Porcine epidemic diarrhea virus
does not replicate in porcine monocyte-derived dendritic cells, but activates
the transcription of type I interferon and chemokine. Vet Microbiol. (2017)
208:77–81. doi: 10.1016/j.vetmic.2017.07.014

106. Devriendt B, Verdonck F, Summerfield A, Goddeeris BM, Cox E. Targeting of
Escherichia coli F4 fimbriae to Fcgamma receptors enhances the maturation
of porcine dendritic cells. Vet Immunol Immunopathol. (2010) 135:188–98.
doi: 10.1016/j.vetimm.2009.11.013

107. Hunger RE, Sieling PA, Ochoa MT, Sugaya M, Burdick AE, Rea
TH, et al. Langerhans cells utilize CD1a and langerin to efficiently
present nonpeptide antigens to T cells. J Clin Invest. (2004) 113:701–8.
doi: 10.1172/JCI200419655

108. 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) 9:56. doi: 10.1038/s41467-018-06056-w

109. Coughlin MM, Bellini WJ, Rota PA. Contribution of dendritic cells to
measles virus induced immunosuppression. Rev Med Virol. (2013) 23:126–
38. doi: 10.1002/rmv.1735

Frontiers in Veterinary Science | www.frontiersin.org 13 February 2019 | Volume 6 | Article 34

https://doi.org/10.1371/journal.pone.0110916
https://doi.org/10.1016/j.virol.2015.01.020
https://doi.org/10.1371/journal.pone.0110911
https://doi.org/10.3390/v9010019
https://doi.org/10.1186/1743-422X-10-26
https://doi.org/10.1016/j.vetmic.2013.01.034
https://doi.org/10.1128/JVI.01091-16
https://doi.org/10.1128/JVI.01677-17
https://doi.org/10.3390/v8110297
https://doi.org/10.1186/s12985-015-0345-x
https://doi.org/10.3389/fimmu.2016.00498
https://doi.org/10.1016/j.jmb.2013.11.024
https://doi.org/10.1016/j.immuni.2011.05.003
https://doi.org/10.1111/j.1600-065X.2008.00734.x
https://doi.org/10.1016/j.immuni.2007.10.002
https://doi.org/10.3389/fimmu.2014.00461
https://doi.org/10.3389/fimmu.2014.00342
https://doi.org/10.1038/ni921
https://doi.org/10.1099/vir.0.83391-0
https://doi.org/10.1016/S1359-6101(00)00027-7
https://doi.org/10.1128/CMR.14.4.778-809.2001
https://doi.org/10.1146/annurev.biochem.67.1.227
https://doi.org/10.1111/j.1462-5822.2006.00716.x
https://doi.org/10.1016/j.immuni.2015.07.001
https://doi.org/10.1074/jbc.R117.777102
https://doi.org/10.1128/JVI.01703-09
https://doi.org/10.1371/journal.pone.0059611
https://doi.org/10.1371/journal.ppat.1005600
https://doi.org/10.1371/journal.ppat.1004782
https://doi.org/10.1016/j.virusres.2011.07.011
https://doi.org/10.3390/v10010046
https://doi.org/10.1111/imr.12101
https://doi.org/10.1038/ni.2915
https://doi.org/10.1016/j.cell.2010.04.018
https://doi.org/10.1016/j.cell.2005.08.012
https://doi.org/10.1038/nri2802
https://doi.org/10.1016/j.vetmic.2015.05.016
https://doi.org/10.1016/j.vetmic.2017.07.014
https://doi.org/10.1016/j.vetimm.2009.11.013
https://doi.org/10.1172/JCI200419655
https://doi.org/10.1038/s41467-018-06056-w
https://doi.org/10.1002/rmv.1735
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Koonpaew et al. PEDV and PDCoV Innate Immunity

110. Halary F, Amara A, Lortat-Jacob H, Messerle M, Delaunay T, Houlès C,
et al. Human cytomegalovirus binding to DC-SIGN is required for dendritic
cell infection and target cell trans-infection. Immunity (2002) 17:653–64.
doi: 10.1016/S1074-7613(02)00447-8

111. Harman AN, Kim M, Nasr N, Sandgren KJ, Cameron PU. Tissue
dendritic cells as portals for HIV entry. Rev Med Virol. (2013) 23:319–33.
doi: 10.1002/rmv.1753

112. Palucka AK. Dengue virus and dendritic cells. Nat Med. (2000) 6:748–9.
doi: 10.1038/77470

113. Lee HM, Lee BJ, Tae JH, Kweon CH, Lee YS, Park JH. Detection
of porcine epidemic diarrhea virus by immunohistochemistry with
recombinant antibody produced in phages. J Vet Med Sci. (2000) 62:333–7.
doi: 10.1292/jvms.62.333

114. Fauriat C, Long EO, Ljunggren H-G, Bryceson YT. Regulation of human
NK-cell cytokine and chemokine production by target cell recognition. Blood
(2010) 115:2167–76. doi: 10.1182/blood-2009-08-238469

115. Vivier E, Tomasello E, Baratin M, Walzer T, Ugolini S. Functions of natural
killer cells. Nat Immunol. (2008) 9:503–10. doi: 10.1038/ni1582

116. Kim Y, Lee C. Extracellular signal-regulated kinase (ERK) activation is
required for porcine epidemic diarrhea virus replication. Virology (2015)
484:181–93. doi: 10.1016/j.virol.2015.06.007

117. Lee C, Kim Y, Jeon JH. JNK and p38 mitogen-activated protein kinase
pathways contribute to porcine epidemic diarrhea virus infection. Virus Res.
(2016) 222:1–12. doi: 10.1016/j.virusres.2016.05.018

118. Cao L, Ge X, Gao Y, Ren Y, Ren X, Li G. Porcine epidemic diarrhea virus
infection induces NF-κB activation through the TLR2, TLR3 and TLR9
pathways in porcine intestinal epithelial cells. J Gen Virol. (2015) 96:1757–67.
doi: 10.1099/vir.0.000133

119. Zhang P, Martin M, Michalek SM, Katz J. Role of Mitogen-Activated
Protein Kinases and NF-κB in the Regulation of Proinflammatory and Anti-
Inflammatory Cytokines by Porphyromonas gingivalis Hemagglutinin B.
Infect Immun. (2005) 73:3990–8. doi: 10.1128/IAI.73.7.3990-3998.2005

120. Zou J, Shankar N. Roles of TLR/MyD88/MAPK/NF-κB signaling pathways
in the regulation of phagocytosis and proinflammatory cytokine expression
in response to E. faecalis infection. PLoS ONE (2015) 10:e0136947.
doi: 10.1371/journal.pone.0136947

121. Ma Y, Zhang Y, Liang X, Lou F, Oglesbee M, Krakowka S, et al. Origin,
evolution, and virulence of porcine deltacoronaviruses in the United States.
MBio (2015) 6:e00064. doi: 10.1128/mBio.00064-15

122. Wang L, Hayes J, Sarver C, Byrum B, Zhang Y. Porcine deltacoronavirus:
histological lesions and genetic characterization. Arch Virol. (2016) 161:171–
5. doi: 10.1007/s00705-015-2627-4

123. Ahn D-G, Choi J-K, Taylor DR, Oh J-W. Biochemical characterization of
a recombinant SARS coronavirus nsp12 RNA-dependent RNA polymerase
capable of copying viral RNA templates. Arch Virol. (2012) 157:2095–104.
doi: 10.1007/s00705-012-1404-x

124. Hu T, Chen C, Li H, Dou Y, Zhou M, Lu D, et al. Structural basis for
dimerization and RNA binding of avian infectious bronchitis virus nsp9.
Protein Sci Publ Protein Soc. (2017) 26:1037–48. doi: 10.1002/pro.3150

125. Lundin A, Dijkman R, Bergström T, Kann N, Adamiak B, Hannoun C, et al.
Targeting membrane-bound viral RNA synthesis reveals potent inhibition of
diverse coronaviruses including the middle East respiratory syndrome virus.
PLoS Pathog. (2014) 10:e1004166. doi: 10.1371/journal.ppat.1004166

126. Minskaia E, Hertzig T, Gorbalenya AE, Campanacci V, Cambillau C, Canard
B, et al. Discovery of an RNA virus 3′->5′ exoribonuclease that is critically
involved in coronavirus RNA synthesis. Proc Natl Acad Sci USA. (2006)
103:5108–13. doi: 10.1073/pnas.0508200103

127. Sevajol M, Subissi L, Decroly E, Canard B, Imbert I. Insights into RNA
synthesis, capping, and proofreading mechanisms of SARS-coronavirus.
Virus Res. (2014) 194:90–9. doi: 10.1016/j.virusres.2014.10.008

128. Alfuwaires M, Altaher A, Kandeel M. Molecular dynamic studies of
interferon and innate immunity resistance in MERS CoV non-structural
protein 3. Biol Pharm Bull. (2017) 40:345–51. doi: 10.1248/bpb.b16-00870

129. Becares M, Pascual-Iglesias A, Nogales A, Sola I, Enjuanes L, Zuñiga
S. Mutagenesis of coronavirus nsp14 reveals its potential role in
modulation of the innate immune Response. J Virol. (2016) 90:5399–414.
doi: 10.1128/JVI.03259-15

130. Case JB, Ashbrook AW, Dermody TS, Denison MR. Mutagenesis of
S-Adenosyl-l-methionine-binding residues in coronavirus nsp14 N7-
methyltransferase demonstrates differing requirements for genome
translation and resistance to innate immunity. J Virol. (2016) 90:7248–56.
doi: 10.1128/JVI.00542-16

131. Case JB, Li Y, Elliott R, Lu X, Graepel KW, Sexton NR, et al. Murine hepatitis
virus nsp14 exoribonuclease activity is required for resistance to innate
immunity. J Virol. (2018) 92. doi: 10.1128/JVI.01531-17

132. Deng X, Hackbart M, Mettelman RC, O’Brien A, Mielech AM, Yi G, et al.
Coronavirus nonstructural protein 15 mediates evasion of dsRNA sensors
and limits apoptosis in macrophages. Proc Natl Acad Sci USA. (2017)
114:E4251–E4260. doi: 10.1073/pnas.1618310114

133. Kindler E, Thiel V. To sense or not to sense viral RNA–essentials of
coronavirus innate immune evasion. Curr Opin Microbiol. (2014) 20:69–75.
doi: 10.1016/j.mib.2014.05.005

134. Menachery VD, Debbink K, Baric RS. Coronavirus non-structural protein
16: evasion, attenuation, and possible treatments. Virus Res. (2014) 194:191–
9. doi: 10.1016/j.virusres.2014.09.009

135. Narayanan K, Ramirez SI, Lokugamage KG, Makino S. Coronavirus
nonstructural protein 1: Common and distinct functions in the regulation
of host and viral gene expression. Virus Res. (2015) 202:89–100.
doi: 10.1016/j.virusres.2014.11.019

136. Wang Y, Sun Y, Wu A, Xu S, Pan R, Zeng C, et al. Coronavirus nsp10/nsp16
methyltransferase can be targeted by nsp10-derived peptide in vitro and
in vivo to reduce replication and pathogenesis. J Virol. (2015) 89:8416–27.
doi: 10.1128/JVI.00948-15

137. Woo PCY, Huang Y, Lau SKP, Yuen K-Y. Coronavirus genomics and
bioinformatics analysis. Viruses (2010) 2:1804–20. doi: 10.3390/v2081803

138. Connor RF, Roper RL. Unique SARS-CoV protein nsp1: bioinformatics,
biochemistry and potential effects on virulence. Trends Microbiol. (2007)
15:51–3. doi: 10.1016/j.tim.2006.12.005

139. Snijder EJ, Bredenbeek PJ, Dobbe JC, Thiel V, Ziebuhr J, Poon LLM,
et al. Unique and conserved features of genome and proteome of SARS-
coronavirus, an early split-off from the coronavirus group 2 lineage. J Mol

Biol. (2003) 331:991–1004. doi: 10.1016/S0022-2836(03)00865-9
140. Honda K, Taniguchi T. IRFs: master regulators of signalling by Toll-like

receptors and cytosolic pattern-recognition receptors. Nat Rev Immunol.
(2006) 6:644–58. doi: 10.1038/nri1900

141. Wathelet MG, Lin CH, Parekh BS, Ronco LV, Howley PM, Maniatis T.
Virus infection induces the assembly of coordinately activated transcription
factors on the IFN-beta enhancer in vivo. Mol Cell (1998) 1:507–18.
doi: 10.1016/S1097-2765(00)80051-9

142. Hayden MS, Ghosh S. NF-κB, the first quarter-century: remarkable
progress and outstanding questions. Genes Dev. (2012) 26:203–34.
doi: 10.1101/gad.183434.111

143. Mitchell S, Vargas J, Hoffmann A. Signaling via the NFκB system. Wiley

Interdiscip Rev Syst Biol Med. (2016) 8:227–41. doi: 10.1002/wsbm.1331
144. Napetschnig J,WuH.Molecular basis of NF-κB signaling.Annu Rev Biophys.

(2013) 42:443–68. doi: 10.1146/annurev-biophys-083012-130338
145. Clementz MA, Chen Z, Banach BS, Wang Y, Sun L, Ratia K, et al.

Deubiquitinating and interferon antagonism activities of coronavirus
papain-like proteases. J Virol. (2010) 84:4619–29. doi: 10.1128/JVI.02406-09

146. Devaraj SG,Wang N, Chen Z, Chen Z, TsengM, Barretto N, et al. Regulation
of IRF-3-dependent innate immunity by the papain-like protease domain
of the severe acute respiratory syndrome coronavirus. J Biol Chem. (2007)
282:32208–21. doi: 10.1074/jbc.M704870200

147. Sun L, Xing Y, Chen X, Zheng Y, Yang Y, Nichols DB, et al. Coronavirus
papain-like proteases negatively regulate antiviral innate immune response
through disruption of STING-mediated signaling. PLoS ONE (2012)
7:e30802. doi: 10.1371/journal.pone.0030802

148. Xing Y, Chen J, Tu J, Zhang B, Chen X, Shi H, et al. The papain-like protease
of porcine epidemic diarrhea virus negatively regulates type I interferon
pathway by acting as a viral deubiquitinase. J Gen Virol. (2013) 94:1554–67.
doi: 10.1099/vir.0.051169-0

149. Liu Y, Olagnier D, Lin R. Host and Viral Modulation of RIG-
I-Mediated Antiviral Immunity. Front Immunol. (2017) 7:662.
doi: 10.3389/fimmu.2016.00662

Frontiers in Veterinary Science | www.frontiersin.org 14 February 2019 | Volume 6 | Article 34

https://doi.org/10.1016/S1074-7613(02)00447-8
https://doi.org/10.1002/rmv.1753
https://doi.org/10.1038/77470
https://doi.org/10.1292/jvms.62.333
https://doi.org/10.1182/blood-2009-08-238469
https://doi.org/10.1038/ni1582
https://doi.org/10.1016/j.virol.2015.06.007
https://doi.org/10.1016/j.virusres.2016.05.018
https://doi.org/10.1099/vir.0.000133
https://doi.org/10.1128/IAI.73.7.3990-3998.2005
https://doi.org/10.1371/journal.pone.0136947
https://doi.org/10.1128/mBio.00064-15
https://doi.org/10.1007/s00705-015-2627-4
https://doi.org/10.1007/s00705-012-1404-x
https://doi.org/10.1002/pro.3150
https://doi.org/10.1371/journal.ppat.1004166
https://doi.org/10.1073/pnas.0508200103
https://doi.org/10.1016/j.virusres.2014.10.008
https://doi.org/10.1248/bpb.b16-00870
https://doi.org/10.1128/JVI.03259-15
https://doi.org/10.1128/JVI.00542-16
https://doi.org/10.1128/JVI.01531-17
https://doi.org/10.1073/pnas.1618310114
https://doi.org/10.1016/j.mib.2014.05.005
https://doi.org/10.1016/j.virusres.2014.09.009
https://doi.org/10.1016/j.virusres.2014.11.019
https://doi.org/10.1128/JVI.00948-15
https://doi.org/10.3390/v2081803
https://doi.org/10.1016/j.tim.2006.12.005
https://doi.org/10.1016/S0022-2836(03)00865-9
https://doi.org/10.1038/nri1900
https://doi.org/10.1016/S1097-2765(00)80051-9
https://doi.org/10.1101/gad.183434.111
https://doi.org/10.1002/wsbm.1331
https://doi.org/10.1146/annurev-biophys-083012-130338
https://doi.org/10.1128/JVI.02406-09
https://doi.org/10.1074/jbc.M704870200
https://doi.org/10.1371/journal.pone.0030802
https://doi.org/10.1099/vir.0.051169-0
https://doi.org/10.3389/fimmu.2016.00662
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Koonpaew et al. PEDV and PDCoV Innate Immunity

150. Tsuchida T, Zou J, Saitoh T, Kumar H, Abe T, Matsuura Y, et al.
The ubiquitin ligase TRIM56 regulates innate immune responses
to intracellular double-stranded DNA. Immunity (2010) 33:765–76.
doi: 10.1016/j.immuni.2010.10.013

151. Zhang J, Hu M-M, Wang Y-Y, Shu H-B. TRIM32 Protein modulates
type I interferon induction and cellular antiviral response by targeting
MITA/STING protein for K63-linked ubiquitination. J Biol Chem. (2012)
287:28646–55. doi: 10.1074/jbc.M112.362608

152. Wang D, Fang L, Shi Y, Zhang H, Gao L, Peng G, et al. Porcine epidemic
diarrhea virus 3C-like protease regulates its interferon antagonism by
cleaving NEMO. J Virol. (2016) 90:2090–101. doi: 10.1128/JVI.02514-15

153. Zhu X,WangD, Zhou J, Pan T, Chen J, Yang Y, et al. Porcine deltacoronavirus
nsp5 antagonizes type I interferon signaling by cleaving STAT2. J Virol.
(2017) 91:14. doi: 10.1016/j.virol.2016.10.014

154. Zhu X, Fang L, Wang D, Yang Y, Chen J, Ye X, et al. Porcine deltacoronavirus
nsp5 inhibits interferon-β production through the cleavage of NEMO.
Virology (2017) 502:33–8. doi: 10.1016/j.virol.2016.12.005

155. Ramos HJ, Gale M. RIG-I like receptors and their signaling crosstalk in
the regulation of antiviral immunity. Curr Opin Virol. (2011) 1:167–76.
doi: 10.1016/j.coviro.2011.04.004

156. Zhao T, Yang L, Sun Q, Arguello M, Ballard DW, Hiscott J, et al. The NEMO
adaptor bridges the nuclear factor-kappaB and interferon regulatory factor
signaling pathways. Nat Immunol. (2007) 8:592–600. doi: 10.1038/ni1465

157. Huang C, Zhang Q, Guo X, Yu Z, Xu A, Tang J, et al. Porcine reproductive
and respiratory syndrome virus nonstructural protein 4 antagonizes beta
interferon expression by targeting the NF-κB essential modulator. J Virol.
(2014) 88:10934–45. doi: 10.1128/JVI.01396-14

158. Wang D, Fang L, Li K, Zhong H, Fan J, Ouyang C, et al. Foot-and-mouth
disease virus 3C protease cleaves NEMO to impair innate immune signaling.
J Virol. (2012) 86:9311–22. doi: 10.1128/JVI.00722-12

159. Wang D, Fang L, Wei D, Zhang H, Luo R, Chen H, et al. Hepatitis A virus
3C protease cleaves NEMO to impair induction of beta interferon. J Virol.
(2014) 88:10252–8. doi: 10.1128/JVI.00869-14

160. Shen S, Wen ZL, Liu DX. Emergence of a coronavirus infectious bronchitis
virus mutant with a truncated 3b gene: functional characterization of the
3b protein in pathogenesis and replication. Virology (2003) 311:16–27.
doi: 10.1016/S0042-6822(03)00117-X

161. Cruz JLG, Becares M, Sola I, Oliveros JC, Enjuanes L, Zúñiga S.
Alphacoronavirus protein 7 modulates host innate immune response. J Virol.
(2013) 87:9754–67. doi: 10.1128/JVI.01032-13

162. Dedeurwaerder A, Olyslaegers DAJ, Desmarets LMB, Roukaerts IDM,
Theuns S, Nauwynck HJ. ORF7-encoded accessory protein 7a of feline
infectious peritonitis virus as a counteragent against IFN-α-induced antiviral
response. J Gen Virol. (2014) 95:393–402. doi: 10.1099/vir.0.058743-0

163. Frieman M, Yount B, Heise M, Kopecky-Bromberg SA, Palese P, Baric
RS. Severe acute respiratory syndrome coronavirus ORF6 antagonizes
STAT1 function by sequestering nuclear import factors on the rough
endoplasmic reticulum/Golgi membrane. J Virol. (2007) 81:9812–24.
doi: 10.1128/JVI.01012-07

164. Zhang R, Jha BK, Ogden KM, Dong B, Zhao L, Elliott R, et al.
Homologous 2’,5’-phosphodiesterases from disparate RNA viruses
antagonize antiviral innate immunity. Proc Natl Acad Sci USA. (2013)
110:13114–9. doi: 10.1073/pnas.1306917110

165. Kopecky-Bromberg SA, Martínez-Sobrido L, FriemanM, Baric RA, Palese P.
Severe acute respiratory syndrome coronavirus open reading frame (ORF)
3b, ORF 6, and nucleocapsid proteins function as interferon antagonists. J
Virol. (2007) 81:548–57. doi: 10.1128/JVI.01782-06

166. Matthews KL, Coleman CM, van der Meer Y, Snijder EJ, Frieman MB. The
ORF4b-encoded accessory proteins of Middle East respiratory syndrome
coronavirus and two related bat coronaviruses localize to the nucleus
and inhibit innate immune signalling. J Gen Virol. (2014) 95:874–82.
doi: 10.1099/vir.0.062059-0

167. Shi C-S, Qi H-Y, Boularan C, Huang N-N, Abu-Asab M, Shelhamer JH,
et al. SARS-coronavirus open reading frame-9b suppresses innate immunity
by targeting mitochondria and the MAVS/TRAF3/TRAF6 signalosome. J
Immunol Baltim Md (2014) 193:3080–9. doi: 10.4049/jimmunol.1303196

168. Spiegel M, Pichlmair A, Martínez-Sobrido L, Cros J, García-Sastre A,
Haller O, et al. Inhibition of Beta interferon induction by severe

acute respiratory syndrome coronavirus suggests a two-step model for
activation of interferon regulatory factor 3. J Virol. (2005) 79:2079–86.
doi: 10.1128/JVI.79.4.2079-2086.2005

169. Thornbrough JM, Jha BK, Yount B, Goldstein SA, Li Y, Elliott R, et al. Middle
east respiratory syndrome coronavirus NS4b protein inhibits host RNase L
activation.MBio (2016) 7:e00258. doi: 10.1128/mBio.00258-16

170. Zhao L, Jha BK,WuA, Elliott R, Ziebuhr J, Gorbalenya AE, et al. Antagonism
of the interferon-induced OAS-RNase L pathway by murine coronavirus
ns2 protein is required for virus replication and liver pathology. Cell Host
Microbe (2012) 11:607–16. doi: 10.1016/j.chom.2012.04.011

171. Beall A, Yount B, Lin C-M, Hou Y, Wang Q, Saif L, et al. Characterization
of a pathogenic full-length cDNA clone and transmission model for
porcine epidemic diarrhea virus strain PC22A. MBio (2016) 7:e01451-15.
doi: 10.1128/mBio.01451-15

172. Jengarn J, Wongthida P, Wanasen N, Frantz PN, Wanitchang A,
Jongkaewwattana A. Genetic manipulation of porcine epidemic diarrhoea
virus recovered from a full-length infectious cDNA clone. J Gen Virol. (2015)
96:2206–18. doi: 10.1099/vir.0.000184

173. Kaewborisuth C, He Q, Jongkaewwattana A. The accessory protein ORF3
contributes to porcine epidemic diarrhea virus replication by direct
binding to the spike protein. Viruses (2018) 10:399. doi: 10.3390/v100
80399

174. Li C, Li Z, Zou Y, Wicht O, van Kuppeveld FJM, Rottier PJM,
et al. Manipulation of the porcine epidemic diarrhea virus genome
using targeted RNA recombination. PLoS ONE (2013) 8:e69997.
doi: 10.1371/journal.pone.0069997

175. Wongthida P, Liwnaree B, Wanasen N, Narkpuk J, Jongkaewwattana
A. The role of ORF3 accessory protein in replication of cell-adapted
porcine epidemic diarrhea virus (PEDV). Arch Virol. (2017) 162:2553–63.
doi: 10.1007/s00705-017-3390-5

176. Park S-J, Moon H-J, Luo Y, Kim H-K, Kim E-M, Yang J-S, et al. Cloning
and further sequence analysis of the ORF3 gene of wild- and attenuated-
type porcine epidemic diarrhea viruses. Virus Genes (2008) 36:95–104.
doi: 10.1007/s11262-007-0164-2

177. Huang C, Peters CJ, Makino S. Severe acute respiratory syndrome
coronavirus accessory protein 6 is a virion-associated protein and is
released from 6 protein-expressing cells. J Virol. (2007) 81:5423–6.
doi: 10.1128/JVI.02307-06

178. Xu K, Zheng B-J, Zeng R, LuW, Lin Y-P, Xue L, et al. Severe acute respiratory
syndrome coronavirus accessory protein 9b is a virion-associated protein.
Virology (2009) 388:279–85. doi: 10.1016/j.virol.2009.03.032

179. Xu XG, Zhang HL, Zhang Q, Dong J, Huang Y, Tong DW. Porcine epidemic
diarrhea virus M protein blocks cell cycle progression at S-phase and its
subcellular localization in the porcine intestinal epithelial cells. Acta Virol.
(2015) 59:265–75. doi: 10.4149/av_2015_03_265

180. Yang L, Xu J, Guo L, Guo T, Zhang L, Feng L, et al. Porcine Epidemic
Diarrhea Virus-Induced Epidermal Growth Factor Receptor Activation
Impairs the Antiviral Activity of Type I Interferon. J Virol. (2018) 92:e02095-
17. doi: 10.1128/JVI.02095-17

181. Avraham R, Yarden Y. Feedback regulation of EGFR signalling: decision
making by early and delayed loops. Nat Rev Mol Cell Biol. (2011) 12:104–17.
doi: 10.1038/nrm3048

182. Lindsey S, Langhans SA. Epidermal growth factor signaling
in transformed cells. Int Rev Cell Mol Biol. (2015) 314:1–41.
doi: 10.1016/bs.ircmb.2014.10.001

183. Kung C-P, Meckes DG, Raab-Traub N. Epstein-Barr virus LMP1 activates
EGFR, STAT3, and ERK through effects on PKCdelta. J Virol. (2011)
85:4399–408. doi: 10.1128/JVI.01703-10

184. Oshiumi H, Miyashita M, Okamoto M, Morioka Y, Okabe M, Matsumoto
M, et al. DDX60 is involved in RIG-I-dependent and independent antiviral
responses, and its function is attenuated by virus-induced EGFR activation.
Cell Rep. (2015) 11:1193–207. doi: 10.1016/j.celrep.2015.04.047

185. Xu Y, Shi Y, Yuan Q, Liu X, Yan B, Chen L, et al. Epstein-Barr Virus
encoded LMP1 regulates cyclin D1 promoter activity by nuclear EGFR
and STAT3 in CNE1 cells. J Exp Clin Cancer Res CR (2013) 32:90.
doi: 10.1186/1756-9966-32-90

186. McBride R, van Zyl M, Fielding BC. The coronavirus nucleocapsid is a
multifunctional protein. Viruses (2014) 6:2991–3018. doi: 10.3390/v6082991

Frontiers in Veterinary Science | www.frontiersin.org 15 February 2019 | Volume 6 | Article 34

https://doi.org/10.1016/j.immuni.2010.10.013
https://doi.org/10.1074/jbc.M112.362608
https://doi.org/10.1128/JVI.02514-15
https://doi.org/10.1016/j.virol.2016.10.014
https://doi.org/10.1016/j.virol.2016.12.005
https://doi.org/10.1016/j.coviro.2011.04.004
https://doi.org/10.1038/ni1465
https://doi.org/10.1128/JVI.01396-14
https://doi.org/10.1128/JVI.00722-12
https://doi.org/10.1128/JVI.00869-14
https://doi.org/10.1016/S0042-6822(03)00117-X
https://doi.org/10.1128/JVI.01032-13
https://doi.org/10.1099/vir.0.058743-0
https://doi.org/10.1128/JVI.01012-07
https://doi.org/10.1073/pnas.1306917110
https://doi.org/10.1128/JVI.01782-06
https://doi.org/10.1099/vir.0.062059-0
https://doi.org/10.4049/jimmunol.1303196
https://doi.org/10.1128/JVI.79.4.2079-2086.2005
https://doi.org/10.1128/mBio.00258-16
https://doi.org/10.1016/j.chom.2012.04.011
https://doi.org/10.1128/mBio.01451-15
https://doi.org/10.1099/vir.0.000184
https://doi.org/10.3390/v10080399
https://doi.org/10.1371/journal.pone.0069997
https://doi.org/10.1007/s00705-017-3390-5
https://doi.org/10.1007/s11262-007-0164-2
https://doi.org/10.1128/JVI.02307-06
https://doi.org/10.1016/j.virol.2009.03.032
https://doi.org/10.4149/av_2015_03_265
https://doi.org/10.1128/JVI.02095-17
https://doi.org/10.1038/nrm3048
https://doi.org/10.1016/bs.ircmb.2014.10.001
https://doi.org/10.1128/JVI.01703-10
https://doi.org/10.1016/j.celrep.2015.04.047
https://doi.org/10.1186/1756-9966-32-90
https://doi.org/10.3390/v6082991
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Koonpaew et al. PEDV and PDCoV Innate Immunity

187. Zúñiga S, Cruz JLG, Sola I, Mateos-Gómez PA, Palacio L, Enjuanes
L. Coronavirus nucleocapsid protein facilitates template switching
and is required for efficient transcription. J Virol. (2010) 84:2169–75.
doi: 10.1128/JVI.02011-09

188. Lu P, Struijs M-C, Mei J, Witte-Bouma J, Korteland-van Male AM,
de Bruijn ACJM, et al. Endoplasmic reticulum stress, unfolded
protein response and altered T cell differentiation in necrotizing
enterocolitis. PLoS ONE (2013) 8:e0078491. doi: 10.1371/journal.pone.00
78491

189. Tam AB, Mercado EL, Hoffmann A, Niwa M. ER stress activates NF-κB by
integrating functions of basal IKK activity, IRE1 and PERK. PloS One (2012)
7:e45078. doi: 10.1371/journal.pone.0045078

190. Ding Z, Fang L, Jing H, Zeng S, Wang D, Liu L, et al. Porcine epidemic
diarrhea virus nucleocapsid protein antagonizes beta interferon production
by sequestering the interaction between IRF3 and TBK1. J Virol. (2014)
88:8936–45. doi: 10.1128/JVI.00700-14

191. Lu X, Pan J, Tao J, Guo D. SARS-CoV nucleocapsid protein antagonizes
IFN-β response by targeting initial step of IFN-β induction pathway, and its
C-terminal region is critical for the antagonism.Virus Genes (2011) 42:37–45.
doi: 10.1007/s11262-010-0544-x

192. Ye Y, Hauns K, Langland JO, Jacobs BL, Hogue BG. Mouse hepatitis
coronavirus A59 nucleocapsid protein is a type I interferon antagonist. J
Virol. (2007) 81:2554–63. doi: 10.1128/JVI.01634-06

193. Ashkar AA, Yao X-D, Gill N, Sajic D, Patrick AJ, Rosenthal KL. Toll-like
receptor (TLR)-3, but not TLR4, agonist protects against genital herpes
infection in the absence of inflammation seen with CpG DNA. J Infect Dis.
(2004) 190:1841–9. doi: 10.1086/425079

194. Horsmans Y, Berg T, Desager J-P, Mueller T, Schott E, Fletcher SP,
et al. Isatoribine, an agonist of TLR7, reduces plasma virus concentration
in chronic hepatitis C infection. Hepatol Baltim Md (2005) 42:724–31.
doi: 10.1002/hep.20839

195. Cervantes-Barragan L, Züst R, Weber F, Spiegel M, Lang KS, Akira
S, et al. Control of coronavirus infection through plasmacytoid
dendritic-cell-derived type I interferon. Blood (2007) 109:1131–7.
doi: 10.1182/blood-2006-05-023770

196. Kobiyama K, Takeshita F, Ishii KJ, Koyama S, Aoshi T, Akira S,
et al. A signaling polypeptide derived from an innate immune adaptor
molecule can be harnessed as a new class of vaccine adjuvant. J.

Immunol. Baltim. Md (2009) 182:1593–601. doi: 10.4049/jimmunol.182.
3.1593

197. Chinsangaram J, Moraes MP, Koster M, Grubman MJ. Novel viral
disease control strategy: adenovirus expressing alpha interferon rapidly
protects swine from foot-and-mouth disease. J Virol. (2003) 77:1621–5.
doi: 10.1128/JVI.77.2.1621-1625.2003

198. Dias CCA,MoraesMP, Segundo FD-S, de los Santos T, GrubmanMJ. Porcine
type I interferon rapidly protects swine against challenge with multiple
serotypes of foot-and-mouth disease virus. J Interferon Cytokine Res Off J Int

Soc Interferon Cytokine Res. (2011) 31:227–36. doi: 10.1089/jir.2010.0055
199. Moraes MP, de Los Santos T, Koster M, Turecek T, Wang H, Andreyev VG,

et al. Enhanced antiviral activity against foot-and-mouth disease virus by a
combination of type I and II porcine interferons. J Virol. (2007) 81:7124–35.
doi: 10.1128/JVI.02775-06

200. Perez-Martin E, Diaz-San Segundo F,WeissM, Sturza DF, Dias CC, Ramirez-
Medina E, et al. Type III interferon protects swine against foot-and-mouth
disease. J Interferon Cytokine Res Off J Int Soc Interferon Cytokine Res. (2014)
34:810–21. doi: 10.1089/jir.2013.0112

201. Ramírez-Carvajal L, Díaz-San Segundo F, Hickman D, Long CR, Zhu
J, Rodríguez LL, et al. Expression of porcine fusion protein IRF7/3(5D)
efficiently controls foot-and-mouth disease virus replication. J Virol. (2014)
88:11140–53. doi: 10.1128/JVI.00372-14

202. Ramírez-Carvajal L, Diaz-San Segundo F, Ramirez-Medina E, Rodríguez LL,
de Los Santos T. Constitutively active IRF7/IRF3 fusion protein completely
protects swine against foot-and-mouth disease. J Virol. (2016) 90:8809–21.
doi: 10.1128/JVI.00800-16

203. Netland J, DeDiego ML, Zhao J, Fett C, Álvarez E, Nieto-Torres JL,
et al. Immunization with an attenuated severe acute respiratory syndrome
coronavirus deleted in E protein protects against lethal respiratory disease.
Virology (2010) 399:120–8. doi: 10.1016/j.virol.2010.01.004

204. Regla-Nava JA, Nieto-Torres JL, Jimenez-Guardeño JM, Fernandez-Delgado
R, Fett C, Castaño-Rodríguez C, et al. Severe acute respiratory syndrome
coronaviruses with mutations in the E protein are attenuated and promising
vaccine candidates. J Virol. (2015) 89:3870–87. doi: 10.1128/JVI.03566-14

205. Ortego J, Escors D, Laude H, Enjuanes L. Generation of a replication-
competent, propagation-deficient virus vector based on the transmissible
gastroenteritis coronavirus genome. J Virol. (2002) 76:11518–29.
doi: 10.1128/JVI.76.22.11518-11529.2002

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Koonpaew, Teeravechyan, Frantz, Chailangkarn and

Jongkaewwattana. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Veterinary Science | www.frontiersin.org 16 February 2019 | Volume 6 | Article 34

https://doi.org/10.1128/JVI.02011-09
https://doi.org/10.1371/journal.pone.0078491
https://doi.org/10.1371/journal.pone.0045078
https://doi.org/10.1128/JVI.00700-14
https://doi.org/10.1007/s11262-010-0544-x
https://doi.org/10.1128/JVI.01634-06
https://doi.org/10.1086/425079
https://doi.org/10.1002/hep.20839
https://doi.org/10.1182/blood-2006-05-023770
https://doi.org/10.4049/jimmunol.182.3.1593
https://doi.org/10.1128/JVI.77.2.1621-1625.2003
https://doi.org/10.1089/jir.2010.0055
https://doi.org/10.1128/JVI.02775-06
https://doi.org/10.1089/jir.2013.0112
https://doi.org/10.1128/JVI.00372-14
https://doi.org/10.1128/JVI.00800-16
https://doi.org/10.1016/j.virol.2010.01.004
https://doi.org/10.1128/JVI.03566-14
https://doi.org/10.1128/JVI.76.22.11518-11529.2002
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	PEDV and PDCoV Pathogenesis: The Interplay Between Host Innate Immune Responses and Porcine Enteric Coronaviruses
	Introduction
	PEDV and PDCoV Biology
	In vitro Models for PEDV and PDCoV Infection: Cell Lines and Primary Cells
	Overview of Innate Immune Responses to Viral Infection
	Cellular Innate Immune Responses to PEDV and PDCoV
	PEDV and PDCoV Antagonists of Innate Immunity
	Non-structural Proteins
	PEDV nsp1
	PEDV nsp3
	PEDV and PDCoV nsp5

	Accessory Proteins
	Structural Proteins
	PEDV S
	PEDV E
	PEDV M
	PEDV N


	Harnessing Innate Immune Anti-viral Activity for PEDV and PDCoV Defense
	Concluding Remarks
	Author Contributions
	Acknowledgments
	References


