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Editorial on the Research Topic

Porcine Anti-Viral Immunity

INTRODUCTION

The swine industry is an important part of agriculture in many countries, generating over $11
billion annually in the US alone. Viral diseases in pigs pose a serious risk for swine health and
significantly impact the economy of the global swine industry. Pigs also serve as zoonotic reservoirs
for viruses transmittable to humans and other species, including influenza A virus, Nipah virus,
and hepatitis E virus (1). These problems are made worse by globalization and industrial livestock
rearing (2, 3). Unlike bacterial pathogens, antibiotics do not protect against viral infections and
cannot be used to control viral outbreaks or epidemics. Since viruses can alter their genome
>106 times faster than their mammalian hosts (4), the latter would have succumbed to microbial
infection were it not for their adaptive immune system that uses somatic gene rearrangement and
mutation to counter the rapid diversification of microbes. Immediately following viral infection,
neonatal survival depends on innate immunity and passive protection by lactogenic immune
factors such as pathogen-specific antibodies, until an adaptive immune response can develop.
Thus, intervention against these moving targets, depends on availability of effective maternal and
neonatal vaccines and strict biosecurity measures.

Wide-spread porcine reproductive and respiratory syndrome virus (PRRSV) and swine
influenza virus (SIV) represent major health challenges in the large US swine production systems
and possibly worldwide. In the US alone, economic annual losses due to PRRSV are estimated
to be 664 million U.S. dollar (USD) (5). While the exact costs associated with SIV and other
endemic viruses, including rotavirus, are hard to evaluate, they are economically important due
to their ubiquitous nature, which can reduce growth and increased morbidity (6). Emerging
and re-emerging coronaviruses in pigs are quite often associated with diarrheal disease and high
morbidity and mortality (7). The emergence of Seneca Valley virus (SVV) and increased incidence
of SVV-associated vesicular disease alarmed the swine industry in several countries, including the
US, Brazil, China, Thailand, and Colombia (8). Finally, a deadly swine disease, caused by African
Swine Fever virus (ASFV), that has been plaguing Africa for decades, has now spread to south
eastern Europe andAsia, and has severely impacted the world’s largest swine industries in China (9).

In this special volume of Frontiers in Immunology, Comparative Immunology section, Lager
and Buckley provide an overview of the importance of swine in the world food supply and a review
of the major viral infection that threaten this species (Lager and Buckley). In introducing the topic
of anti-viral immunity, we emphasize the genetic diversity of viruses, the virus life cycle and the
pathology that viral infection can cause. A total of 12 articles are contained in this volume to which
86 researches have contributed.
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NEWBORNS ARE MORE VULNERABLE TO

VIRAL DISEASES

Despite the advantage of internal offspring development and the
provision for passive immune protection, fetuses and neonates
of higher vertebrates still remain vulnerable to environmental
pathogens. Piglets in utero are protected from eukaryotic
parasites and bacteria, but are vulnerable to viruses (including
parvovirus, PRRSV, and porcine circovirus 2) since they are able
to cross the placental barrier (10–12). These cause pathological
injury and often fetal abortion. In a number of mammals, viruses
infect the thymus and can also cause hypergammaglobulinemia.
Butler et al. discuss the implication of thymic atrophy and
apoptosis of thymocytes and hypergammaglobulinemia with
regard to the persistence of PRRSV. However, apoptosis is also
a host mechanisms used to eliminating virus-infected cells (13),
but can also promote spread of the virus (14). Fernandes et al.
demonstrated that SVV developed a 3C protease-dependent
mechanism for late apoptosis that facilitates virus release from
infected cells. Thus, the role and importance of virus-induced
apoptosis awaits further research.

Since the adaptive immune system of fetal piglets is
underdeveloped, the innate immune system is very important.
Schäfer et al., emphasize its importance with the specific focus
on porcine invariant natural killer T cells (iNKT) and their role
in the pathogenesis of ASF and SI. They discuss iNKT age-
dependence, levels and distribution in relationship to various
porcine viral infections. One of the first host responses to viral
infection is the production of interferons, which are needed to
drive other elements of innate immunity and adaptive immunity.
Likai et al. show how a porcine deltacoronavirus escapes from
the immune system by suppressing IFN-α production, while
Shi et al. describe a novel immune evasive mechanism that
depends on PRRSV non-structural protein 1a which antagonizes
TBK1-IRF3-IFN signaling. While the initial antibody response
depends on broadly specific natural IgM antibodies, effective
anti-viral immunity depends on an adaptive immune response
that delivers IgG and IgA antibodies. Since adaptive immune
responses depend on stimulation through the innate immune
system, viruses that impair or interfere with the innate
immune response, also impair adaptive immunity. Nedumpun
et al. discuss how PRRSV-induced IL-1Ra downregulates
innate immune responses, T lymphocyte differentiation
and proliferation.

Piglets, unlike humans, but like the offspring of other
artiodactyls and perissodactyls (horses), are especially dependent
on lactogenic immunity since there is no transplacental
transfer of passive antibodies in this group of mammals.
Thus, providing ways to deliver anti-viral antibodies via
colostrum/ milk is important. This topic is the focus of studies
by Langel et al..

ANTI-VIRAL IMMUNITY AND VACCINE

DEVELOPMENT

Antibodies can intercept and neutralize a virus before it infects
additional cells and can prevent further infection by blocking
the viral receptor; these are called virus neutralizing (VN)
antibodies. Naturally, a critical step in viral vaccine design is
the identification of viral epitopes targeted by effective VN
antibodies. This become increasingly important in the case of
PRRSV in which effective VN antibodies are slow to appear
and current vaccines are of questionable efficacy. This is also
an ongoing challenge in the case of ASFV which is rapidly
spreading and for which no vaccine exists. Goldeck et al. describe
a novel B cell cloning procedure to identify these epitopes on
several strains of PRRSV. While VN antibodies can block or
delay infection, the ultimate elimination of a virus is to kill the
cells in which the virus replicates which is the job of cytotoxic
T cells. Portions of the virus are displayed on infected cells.
These are called a T cell epitope, i.e., a molecular structure
that binds to the T cell receptor (TCR). In this volume, Pan
et al. describe their efforts to identify such epitopes for their
potential use in stimulating expansion of the cytotoxic T cells that
recognize them.

Viral vaccines take various forms, the simplest being the
use of killed virus. A more tedious procedure is to use
only parts of the virus as the vaccine (subunit vaccines) that
target the immune response to those viral epitopes that elicit
VN antibodies. Killed viruses and subunit vaccines typically
generate immediate responses that wane faster, making it
imperative for long-lived mammals like humans, to receive
booster vaccinations. A second approach to vaccine development
is use of live attenuated virus that has been genetically modified
or cell culture adapted and cannot produce a disease in the
host but can still replicate. These are often more likely to
stimulate virus-specific cytotoxic T cells and to induce longer
term immunity. Sharma et al. developed a recombinant SVV
strain using reverse genetics and tested its immunogenicity and
protective efficacy in pigs. Toman et al. provide comparative
data on four vaccines for PRRSV, two killed and two
modified live.

We believe that veterinary immunovirology should place
more emphasis on how each viral pathogen effects and/or
avoids the host immune system and on the identification
of viral epitopes that are effective targets of VN antibodies
and T cell epitopes that can promote the action of
cytotoxic T cells.
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Dual Regulation of Host TRAIP
Post-translation and Nuclear/Plasma
Distribution by Porcine Reproductive
and Respiratory Syndrome Virus
Non-structural Protein 1α Promotes
Viral Proliferation
Peidian Shi 1†, Yanxin Su 1†, Ruiqiao Li 1, Lei Zhang 1, Chen Chen 1, Lilin Zhang 1,

Kay Faaberg 2* and Jinhai Huang 1*

1 School of Life Sciences, Tianjin University, Tianjin, China, 2 Agricultural Research Service, USDA, National Animal Disease
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In this study, we show that porcine reproductive and respiratory syndrome virus

(PRRSV) non-structural protein 1α (nsp1α) facilitates PRRSV escape from innate immune

by modulating nuclear to cytoplasmic translocation and distribution ratio of TRAIP

to promote virus proliferation. Mechanistically, TRAIP interacts with PRRSV nsp1α

via its K205 site, while NSP1α decreases the SUMOylation and K48 ubiquitination

independent of the TRAIP interaction K205 site. Modulation of the dual modification

of TRAIP by PRRSV nsp1α results in over-enrichment of TRAIP in the cytoplasm.

Enrichment of nsp1α-induced cytoplasmic TRAIP in turn leads to excessive K48

ubiquitination and degradation of serine/threonine-protein kinase (TBK1), thereby

antagonizing TBK1-IRF3-IFN signaling. This study proposes a novel mechanism by

which PRRSV utilizes host proteins to regulate innate immunity. Findings from this study

provides novel perspective to advance our understanding in the pathogenesis of PRRSV.

Keywords: PRRSV, TRAIP, nsp1α, SUMOylation, IFN, TBK1

INTRODUCTION

The host innate immune response, predominantly IFN-α and IFN-β, is the first line of defense
against pathogens (1, 2). As multi-functional antiviral cytokines, type I interferons can be induced
by virus infection (3). The viral RNA is recognized by cytosolic sensors, retinoic acid-inducible
gene I (RIG-I) and melanoma differentiation-associated gene 5 protein (MDA5) (4). RIG-I and
MDA-5 bind to the mitochondrial adapter protein MAVS/IPS-1, resulting in the activation of
IκB kinase-ε (IKKε) or downstream signaling of TRAF family member-associated NF-kappa-B
activator (TANK)-binding kinase 1 (TBK1), then phosphorylation of IRF-3, its entry nucleus and
final induce IFN-β transcription (5, 6). However, porcine reproductive and respiratory syndrome
virus (PRRSV) has developed a variety of strategies to avoid or suppress the host immune response,
in particular the interferon (IFN)-mediated innate immune response.

PRRSV, the causative agent of PRRS, is a positive-strand RNA virus that belongs to the family
Arteriviridae within the order Nidovirales (7). PRRSV infection often causes acute reproductive
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failure in sows and dyspnea in piglets and substantial economic
losses each year (8). Accumulating evidence has revealed that
PRRSV results in persistent infection due partly to inhibition
of the host innate immune response (9–11). The genome of
PRRSV is approximately 15 kb and encodes 9 overlapping open
reading frames (ORFs) encoding at least 8 structural proteins
and 16 non-structural proteins (12, 13). PRRSV non-structural
protein 1 (nsp1) contains two papain-like cysteine proteases,
papain-like cysteine protease α (PCPα) and papain-like cysteine
protease β (PCPβ), and self-cleaves into nsp1α and nsp1β
subunits (14, 15). The nsp1α subunit is composed of three
distinct functional motifs; a papain-like cysteine protease α motif
(PCPα), a N-terminal zinc finger motif (ZF1), and a newly
reported C-terminal zinc finger motif (ZF2) (16). PRRSV nsp1α
has been reported to inhibit NF-κB activation by targeting linear
ubiquitin chain complex (17) and block the transcription of type
I interferon by the degradation of CREB-binding protein (CBP)
(18). It has also been shown to contribute to PRRSV proliferation,
while siRNAs which specifically target nsp1α significantly inhibit
the replication of PRRSV in MARC-145 cells (19).

Protein post-translational modifications (PTMs) such as
ubiquitination and SUMOylation play a key role in signal
transduction pathways in cells (20, 21). The ubiquitination
system utilizes the combination of ubiquitin molecules and
their target proteins to form polyubiquitin chains (22–24). E3
ubiquitin ligase is a protein acting in the ubiquitination of a
particular target protein (25). More recently it has been shown
that the ubiquitin proteasome system can regulate the biological
functions of tumor cells such as proliferation and metastasis
by mediating the degradation of many tumor-related proteins
(26, 27).

SUMO is a newly discovered ubiquitin-like molecule and can
covalently conjugate proteins throughout the cell (28). At least
three highly conserved SUMO proteins (SUMO1/2/3) exist in
higher eukaryotic cells, and there is a high degree of homology
between SUMO2 and SUMO3 (29). SUMOylation is a dynamic
and reversible process catalyzed by SUMO-specific enzyme E1,
E2, and E3 (30). The SUMO molecule is covalently linked to
the substrate protein, regulating the target protein localization
and the interaction of SUMO modified-proteins with their
binding partners (31). Consequently, these changes in turn affect
signaling mechanisms, which have been shown to regulate many
cellular functions such as cell growth, proliferation, apoptosis,
DNA repair, and cell survival (32–34).

TRAF-interacting protein (TRAIP), also known as RNF206
(RING-finger protein 206), was initially identified through its
ability to bind TRAF1 and TRAF2 in yeast two-hybrid screening
(35). TRAIP is indispensable, as mouse embryos fail to develop
when TRAIP is knocked out in both mice and Drosophila (36,
37).TRAIP has been identified as an E3 ubiquitin ligase and a
substrate of SUMOylation, which plays an important biological
function. TRAIP is indispensable in the immune response, which
negatively regulates TRAF2, tumor necrosis factor receptor 2
(TNFR2), CD30, and TNF mediated NF-κB activation (35, 38).
As an E3 ubiquitin ligase, TRAIP directly binds to TBK1, which
promotes TBK1 degradation via K48-linked ubiquitination in
293T cells (39).

In our research, the TRAIP gene was cloned from porcine
peripheral blood mononuclear cells (PBMCs). The relationship
between TRAIP and PRRSV replication was investigated. We
verified that TRAIP contributed to the proliferation of PRRSV.
The PCPα domain of nsp1α interacts with TRAIP. Interestingly,
SUMOylation and self-ubiquitination of TRAIP was attenuated
by PRRSV nsp1α. Changes in the dual modification of TRAIP
affect its own proportional distribution in the nucleus and
the cytoplasm. Functionally, the retention of TRAIP in the
cytoplasm facilitates the ubiquitination of TBK1, resulting in
the degradation of TBK1, thereby inhibiting the production of
type I interferon. Therefore, our study revealed a new model
of interaction between viral proteins and cellular hosts, one
which aims to suppress type I interferon production, in order
to promote PRRSV proliferation. As a crucial mechanism of
PRRSV, achieving persistent infection and immunosuppression
through nsp1α regulation of nuclear/plasma distribution and
modification of TRAIP, our results provide a novel target pathway
to develop antivirals against PRRSV.

MATERIALS AND METHODS

Ethics Statement
The protocol was reviewed and approved by the Tianjin
University Institutional Animal Care and Use Committee
(TJIACUC) (Protocol number: SYXK-Jin 2014-0004). All animal
experiments were performed using BALB/c mice and maintained
in individually ventilated cages at the Tianjin Laboratory Animals
Center. This study was carried out in strict accordance with
the recommendations in the Guide for the Care and Use of
Laboratory Animals of the Tianjin government authority for the
use of animals in experiments.

Cells, Virus, and Antibody
Porcine peripheral blood mononuclear cells (PBMCs) were
isolated from pigs of the Tianjin Ninghe farm according
to a previously described protocol (40). PRRSV-permissive
PAM cell lines CRL2843-CD163 (3D4/21) and monoclonal
antibodies against PRRSV nsp2 were kindly contributed by
China Agricultural University. 3D4/21 cells were cultured
in RPMI-1640 medium (Gibco, USA) supplemented with
10% (V/V) fetal bovine serum (FBS, Biological Industries)
and antibiotic-antimycotic solution. Human embryonic kidney
(HEK) 293T cells and HeLa cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco) with 10% FBS
supplemented with an antibiotic-antimycotic mixture of 100
mg/ml streptomycin, 100 IU/ml penicillin and 50 U/ml
amphotericin B. The cells were maintained in a humidified 5%
CO2 incubator at 37◦C.The PRRSV-JXwn06 strain was used in
our study and the titer was determined to be 104 PFU/ml as
previously described (41).

Polyclonal antibody against TRAIP was prepared by
immunizing BALB/c mice with recombinant His-TRAIP
couple with mineral oil adjuvant as previously described (42).
Monoclonal antibodies against PRRSV nsp1α and N protein
were the gift of Prof. Shaobo Xiao of Huazhong Agricultural
University and Jun Han of China Agricultural University,
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respectively. Labeled antibodies used in the experiments were
purchased from Cell Signaling Technology (CST, Danvers, MA,
USA) and Applied Biological Materials Inc (ABM, Vancouver,
Canada). An internal reference antibody and secondary
antibodies were purchased from Invitrogen (Thermo Fisher
Scientific, Waltham, MA, USA). Antibodies to β-actin and
Histone H3 were purchased from TransGen (Beijing, China) and
Santa Cruz Biotechnology (Santa Cruz, CA), respectively.

Cloning of the Complete Porcine TRAIP
CDS
Total RNAs were extracted from PBMC cells using TRIzol
reagent (TaKaRa, China). First-strand cDNA synthesis was
carried out using reverse transcriptase (TaKaRa). TRAIP was
synthesized using the specific primers based on the predicted
TRAIP sequence (GenBank Accession Nos. XM_021068793.1) as
shown in Table 1, and the amplified fragments were cloned into
pGEM R©-T Easy Vector (Transgen, Beijing).

Plasmid Construction
The pFLAG-CMV2-TRAIP, pMyc-CMV2-TRAIP, pHA-CMV2-
TRAIP, and pEGFP-TRAIP eukaryotic expression vector was
constructed, respectively. The specific primers pairs (Table 1),
harboring common sequence with the vector, were used
to amplify the TRAIP gene and ligated with pFlag-CMV2,
pMyc-CMV2, pHA-CMV2, and pEGFP vector, respectively by
using a one-step clong kit (Vazyme, Nanjing, China). The
prokaryotic expression plasmid pet-28a-TRAIP was constructed
using primers pet-28a-TRAIP-F and pet-28a-TRAIP-R (Table 1),
to express the recombinant protein His-TRAIP.

Transcriptome Sequencing and Analysis
3D4/21 cells were grown on 6-well plates until the cell density was
about 70∼80%, and then were inoculated 0.5 MOI PRRSV for
24 h. Virus-infected cells were washed twice with cold PBS and
added 1ml Trizol. The treated cells were sent to the Guangzhou
GENE DENOVO Company for transcriptional sequencing. The
obtained transcriptome data and a heatmap of differentially
expressed genes was analyzed using an online website (https://
software.broadinstitute.org/morpheus/).

Quantitative Reverse Transcription PCR
(RT-qPCR)
First-strand cDNA was synthesized from purified RNAs
of 3D4/21 cells or HEK293T cells using a First-Strand
Synthesis System (Transgen, Beijing, China) according to
the manufacturer’s instructions. The relative gene expression
was analyzed by qRT-PCR that was performed on an ABI 7500
Real-time PCR system (Applied Biosystems, Foster City, CA,
USA). The comparative cycle threshold (CT) method was used
to calculate the relative gene expression levels according to
manufacturer’s protocol (Applied Biosystem). All data presented
was relatively quantitative, based on the mRNA level of the
endogenous gene β-actin and analyzed using GraphPad Prism
6.0 software. All of the primers pairs used for quantitative
real-time PCR are listed in Table 2.

Confocal Immunofluorescence
The procedure for confocal microscopy has been described
previously (41). HeLa cells or 3D4/21 cells were seeded on 12-
well plates until the cell density was about 30∼40%. Depending
on the specific experiment, the cells were transfected with
plasmid expressing TRAIP and/or nsp1α with different labels
or empty vector (pFlag-CMV2, pMyc-CMV2, pHA-CMV2,
or pEGFP vector) (0.5 µg). In order to detect endogenous
immunofluorescence, 3D4/21 cells were infected with 0.5 MOI
of PRRSV and incubated at 37◦C. At 18 h post-transfection or
infection, the cells were fixed with 4% paraformaldehyde for
15min and then permeabilized with PBS containing 0.3% Triton
X-100 for 10min at room temperature. Then cells were blocked
for 30min with 1% bovine serum albumin (BSA) and incubated
with primary antibodies (anti-Myc, anti-HA, anti-Flag) or anti-
PRRSV nsp1α antibody (diluted at 1:200) at room temperature
(RT) in a humid chamber followed by 10min washing in PBS.
Secondary antibodies (FITC-conjugated anti-mouse IgG or PE-
conjugated anti-rabbit IgG) (diluted at 1: 200) were used and

nuclear DNA was stained with 4
′
,6-diamidino-2-phenylindole

(DAPI). Finally, the localization of TRAIP and nsp1α or TBK1
was observed with an Olympus confocal microscope. Images
were taken at×100 magnification.

Luciferase Assay
293T cells were seeded into 24-well plates and transfected
with the TRAIP and/or nsp1α expression vectors, along with
a luciferase reporter (IFNβ-Luc or ISRE-Luc) and the internal
control LacZ. At 12 h post-transfection, the cells were infected
with Sendai virus (SeV) at a MOI of 0.5. The lysed samples
were prepared, and the luciferase activity was measured using
the multimode microplate reader (Promega) according to the
manufacturer’s recommendations.

Western Blot Analyses
Transfected or virus-infected cells were washed twice
with cold PBS and lyzed in RIPA buffer (Solarbio,
Beijing, China) containing the proteinase inhibitors
20 nM phenylmethanesulfonyl fluoride [PMSF] or 2.5mM
desumoylation protease inhibitor N-Ethylmaleimide [NEM]
(Sigma, USA).

Cell lysates were boiled in buffer for 10min and separated with
12% SDS-PAGE. The separated proteins were transferred to the
methanol-activated PVDF membrane (Millipore). Membranes
were blocked with 5% non-fat dry milk in TBST (0.05% Tween-
20) for 1 h and incubated with an antibody against PRRSV nsp1α
(1:2,000), PRRSV N (1:5,000), TRAIP (1:500), β-actin (1:5,000)
or labeled antibodies (1:5,000) for overnight at 4◦C, followed
by washing and incubation with HRP-conjugated antibody for
1 h at room temperature. Immunodetection was completed using
Pierce ECLWestern Bloting Substrate (Thermo Scientific).

Immunoprecipitation
For co-immunoprecipitation, cells were cultivated in 60mm
plates and transfected with Flag-TRAIP, Myc-nsp1α, or related
expression plasmid. At 24 h post-transfection, the cells were lysed
in 500µL RIPA lysis buffer supplemented with protease inhibitor
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TABLE 1 | Primers used for PCR amplification.

Primer name Genbank number Sequence of primer(5
′

-3
′

)

T-TRAIP-F XM_021068793.1 GAGACCAGTCATGCCTATTCG

T-TRAIP-R TGTTTTCACTAGGACAGGAAAC

pCMV-TRAIP-F XM_021068793.1 ATTCGAATTTAAATCGGATCCATGCCTATTCGTGCTCTG

pCMV-TRAIP-R ATCCTTCGCGGCCGCGGATCCCTAGGACAGGAAACTGT

pet-28a-TRAIP-F XM_021068793.1 ACAGCAAATGGGTCGCGGATCCATGTATCGTGCAGCGGAT

pet-28a-TRAIP-R GACGGAGCTCGAATTCGGATCCCAGACTTGTCTCCTCA

pCMV-TRAIP(1-177)-F XM_021068793.1 CCAGTCGACTCTAGAGGATCCATGCCTATTCGTGCTCTGTGC

pCMV-TRAIP(1-177)-R CAGGGATGCCACCCGGGATCCCTACCGCTGGCTCTGGAGTAGG

pCMV-TRAIP(1-395)-F XM_021068793.1 CCAGTCGACTCTAGAGGATCCATGCCTATTCGTGCTCTGTGC

pCMV-TRAIP(1-395)-R CAGGGATGCCACCCGGGATCCCTACCGGATGAAAACAGGGAAG

pCMV-TRAIP(54-472)-F XM_021068793.1 ATTCGAATTTAAATCGGATCCATGCAAAAGAACCATTATCA

pCMV-TRAIP(54-472)-R ATCCTTCGCGGCCGCGGATCCCTAGGACAGGAAACTGTCCAGC

pCMV-TRAIP(178-472)-F XM_021068793.1 CCAGTCGACTCTAGAGGATCCATGCCTGAGGTGGAGGAAATGAT

pCMV-TRAIP(178-472)-R CAGGGATGCCACCCGGGATCCCTAGGACAGGAAACTGTCCAGCT

pEGFP-TRAIP-F XM_021068793.1 GTACCGCGGGCCCGGGATCCATGCCTATTCGTGCTCTG

pEGFP-TRAIP-R TTATCTAGATCCGGTGGATCCGGACAGGAAACTGTCC

pCMV-nsp1-F MF187956.1 CCAGTCGACTCTAGAGGATCCATGTCTGGGATACTTGATCGGTG

pCMV-nsp1- R CAGGGATGCCACCCGGGATCCACCGTACCACTTATGACTGCCAA

pCMV-nsp1α-F MF187956.1 CCAGTCGACTCTAGAGGATCCATGTCTGGGATACTTGATCGGTG

pCMV-nsp1α-R CAGGGATGCCACCCGGGATCCCTACATAGCACACTCAAAAGGGC

pCMV-nsp1β-F MF187956.1 CCAGTCGACTCTAGAGGATCCATGGCTGACGTCTATGACATTGGT

pCMV-nsp1β-R CAGGGATGCCACCCGGGATCCCTAACCGTACCACTTATGACTGC

pCMV-nsp1α N(1-167)-F MF187956.1 CCAGTCGACTCTAGAGGATCCATGTCTGGGATACTTGATCGGTG

pCMV-nsp1α N(1-167)-R CAGGGATGCCACCCGGGATCCCTACCTCTGCGGGAGCGGCAA

pCMV-nsp1α N(67-180)-F MF187956.1 CCAGTCGACTCTAGAGGATCCATGACTGTCGAGTGCTCCCCCG

pCMV-nsp1α N(67-180)-R CAGGGATGCCACCCGGGATCCCTACATAGCACACTCAAAAGGGC

PMSF or NEM. The cell lysates were incubated with anti-Myc
or anti-Flag labeled beads (Sigma, St. Louis, MO, USA) for 2 h
or overnight at 4◦C, followed by washing three times with lysis
buffer for 10min each and boiled for 5min with protein loading
buffer. Proteins bound to the beads were separated by SDS-PAGE
and western blotting was performed as described above.

Flow Cytometry Analysis
3D4/21 cells were infected with PRRSV or transfected with the
TRAIP plasmid. The cells were harvested at the indicated times,
followed by washing with PBS twice and digested with trypsin.
Pre-cooled 80% ethanol was added to the harvested cells for 1 h.
Cells were washed with PBS twice and stained with anti-TRAIP
antibody or anti-PRRSV nsp2, and incubated with goat anti-
mouse IgG FITC conjugate (1:200) for 30min. Fluorescence-
activated cell sorting was performed on a FACS LSR II (BD
Biosciences, San Jose, CA, USA). A total of 1 × 105 cells was
analyzed per run.

RNA Interference
A small RNA interfering (siRNA) assay was performed to confirm
the target gene of TRAIP (siTRAIP) and a negative control
RNA (NC), synthesized by GenePharma (Shanghai, China)
(Table 3). Briefly, 3D4/21 cells were seeded in 12-well plates
(60–80% confluence) and transfected with siRNA1 (siTRAIP-1)
or siRNA2 (siTRAIP-2) at a final concentration of 50 nmol/L

TABLE 2 | Primers used for qRT-PCR amplification.

Primer name Genbank number Sequence of primer(5
′

-3
′

)

PRRSV-N-F KX286735.1 GCCTCGTGTTGGGTGGCAGA

PRRSV-N-R CACGGTCGCCCTAATTGAATAGG

TRAIP-F XM_021068793.1 GGAAGCACATTCTCCCGTTCA

TRAIP-R GGCGGATCATAGTCGTGTCAGTA

TNF-α-F X57321 GAGATCAACCTGCCCGACT

TNF-α-R CTTTCTAAACCAGAAGGACGTG

IFN-β-F NM_001003923 GCAGTATTGATTATCCACGAGA

IFN-β-R TCTGCCCATCAAGTTCCAC

NF-κB-F X61498.1 CCCAGCCATTTGCACACCTCAC

NF-κB-R TTCAGAATTGCCCGACCAGTTTTT

β-actin-F DQ452569.1 GAATCCTGCGGCATCCACGA

β-actin-R CTCGTCGTACTCCTGCTTGCT

using Lipofectamine3000 (Invitrogen). The cells were infected
with 0.5 MOI PRRSV and harvested after 24 h. The gene
expression levels were confirmed by quantitative real-time PCR
(qRT-PCR) and western blotting.

Preparation of Nuclear and Cytoplasmic
Extracts
HEK 293T cells were co-transfected with Myc-nsp1α and
Flag-TRAIP (WT) or Flag-TRAIP (K205R) plasmids in the
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TABLE 3 | Primers used in the small RNA interfering assay.

Primer name Primer sequence (5
′

-3
′

)

Negative control F:UUCUCCGAACGUGUCACGUTT

R:ACGUGACACGUUCGGAGAATT

siTRAIP-1 F:GCACUAUAUGCUCCGACUUTT

R:AAGUCGGAGCAUAUAGUGCTT

siTRAIP-2 F:GGAGGAGAGUGUCUUAGAUTT

R:AUCUAAGACACUCUCCUCCTT

presence of the proteasome inhibitor MG132. Cytoplasmic and
nuclear proteins were extracted using a Nuclear and Cytoplasmic
Protein Extraction Kit (Beyotime Institute of Biotechnology,
China) according to the manufacturer’s instructions. Briefly, the
treated cells were washed with PBS and collected. The cell pellet
was completely suspended and dispersed with 200µl cytoplasmic
protein extraction reagent A. Next, 10 µl cytoplasmic protein
extraction reagent B was added to the cell suspension on ice for
15min. Cytoplasmic proteins are collected after centrifugation.
Resuspend the nuclear pellet in 50 µl of ice cold nuclear
extraction buffer. The nuclear fraction was collected after shaking
and centrifugation. Abundance of TRAIP in the nucleus and
cytoplasmic was detected by western blotting.

Statistical Analysis
Data were subjected to one-way analysis of variance (one-way
ANOVA) and expressed as mean ± SEM. Pairwise multiple
comparison was conducted to determine which group differed
by two-way ANOVA followed by Bonferroni post-tests using
Prism 6.0 (GraphPad Software Inc.). Results were considered
statistically significant if P < 0.05.

RESULTS

Up-Regulation of TRAIP Accumulation in
3D4/21 by PRRSV
The RNA expression profiles of PRRSV-infected 3D4/21 were
performed by high throughput RNA sequencing (RNA-Seq).
A transcriptome analysis from 3D4/21 cells was performed
to search for genes related to antiviral immunity that are
significantly altered after PRRSV infection. The mRNA
expression profiles of the E3 ubiquitin ligase family revealed
an up-regulation of TRAIP in PRRSV-infected PAM cells
(Figure 1A). To validate the results of the RNA-Seq data mining,
3D4/21 cells were inoculated with 0.5 MOI PRRSV for the
indicated times. The dynamic expression of TRAIP in PRRSV-
infected 3D4/21 cells was detected by qRT-PCR. The results
showed that the mRNA level of TRAIP increased after PRRSV
infection, especially at 12 h (Figure 1B). A similar increase of
TRAIP protein in infected 3D4/21 cells was confirmed by western
blotting (Figure 1C) and flow cytometry (Figure 1D). These
data indicated that PRRSV infection led to an up-regulation of
TRAIP. The changes in TRAIP expression levels suggests its
potential involvement in the proliferation of PRRSV.

TRAIP Impact on PRRSV Proliferation
To investigate if the expression of TRAIP has an effect on
PRRSV proliferation, a PRRSV-infected 3D4/21 cell model was
developed. First, we constructed a eukaryotic expression vector
(Flag-TRAIP) and designed siRNA sequences targeting TRAIP
(Table 3). Western blot analysis revealed that the eukaryotic
expression vector of TRAIP was successfully constructed
(Figure 2A) and the expression of TRAIP was dramatically
silenced by TRAIP siRNA1 (siTRAIP-1) or siRNA2 (siTRAIP-2),
especially with siRNA2 (Figure 2B). Next, we attempted to
detect the effects of TRAIP overexpression or interference on
PRRSV proliferation. Compared to the control sample, the
overexpression of TRAIP corresponded to an increase in PRRSV
N gene mRNA (Figure 2C). The mRNA level of PRRSV N gene
exhibited a downward trend in TRAIP siRNA transfected cells
(Figure 2D). In line with that, the results of flow cytometry
analysis further confirmed that TRAIP expression levels were
consistent with PRRSV proliferation (Figures 2E,F). The results
of western blotting also confirmed these findings (Figure 2G).
Meanwhile, the virus titer was significantly higher in TRAIP
plasmid transfected cells compared to the control (Figure 2H).
These data indicate that the changes of cellular TRAIP is
consistent with PRRSV proliferation, and TRAIP expression
promotes PRRSV proliferation.

TRAIP Interacts With Nsp1α

We have found that changes in TRAIP expression levels induced
by PRRSV infection appeared to be associated with early stage
of PRRSV infection. Besides, TRAIP has been reported to be a
gene involved in innate immunity (39). Therefore, we further
explored whether there is an interaction between the TRAIP
and PRRSV non-structural proteins nsp1, nsp4, nsp11, each of
which is a major protein involved in inhibiting the IFN-β and
NF-κB promoters (41, 43, 44). We first observed that Flag-tagged
TRAIP interacted with Myc-nsp1 (Supplementary Figure 1),
and the interaction between TRAIP and nsp1 was confirmed
by co-immunoprecipitation (Supplementary Figure 1a).
Immunofluorescence of both Myc-nsp1 and Flag-TRAIP showed
that TRAIP and nsp1 co-localized around the nucleus at 18 h
post-transfection (Supplementary Figure 1b). At the same time,
we found that the TRAIP protein could also be localized to the
cytoplasm as well as the nucleus. TRAIP has been shown to have
the ability to shuttle between the nucleus and cytoplasm (39, 45).
GFP labeled TRAIP protein was distributed in the cytoplasm
as well as showing a punctate distribution in the nucleus
(Supplementary Figure 2a). A similar distribution pattern of
Myc-nsp1α was also observed (Supplementary Figure 2b).

In PRRSV-infected cells, the nsp1 protein is processed co-
translationally into nsp1α and nsp1β. Therefore, we further
examined whether nsp1α and/or nsp1β could interact with
TRAIP. Co-immunoprecipitation analysis showed that TRAIP
specifically interacts with nsp1α, but not nsp1β (Figure 3A).
An indirect immunofluorescence assay revealed that Myc-nsp1α
and Flag-TRAIP were colocalized both in the cytoplasm and
nucleus of HeLa cells (Figure 3B) and 3D4/21 cells (Figure 3C).
Similarly, colocalization of HA-TRAIP with nsp1α in PRRSV-
infected 3D4/21 cells further confirmed the interaction between
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FIGURE 1 | TRAIP is upregulated in 3D4/21 by PRRSV. (A) The heatmap of ubiquitin-related differentially expressed genes analyses were generated using

online websites (https://software.broadinstitute.org/morpheus/). Red bars indicate an upregulation in expression of at least 1x fold. (B) qRT-PCR analysis of TRAIP in

3D4/21 inoculated without or with 0.5 MOI PRRSV at the indicated times. (C) 3D4/21 were either mock-infected or infected with PRRSV at a 0.5 MOI for 12 or 24 h.

The cells were then harvested to detect TRAIP by Western blotting using a mouse anti-TRAIP polyclonal antibody and cell lysates were then analyzed for expression

of PRRSV structural protein (N) with anti-N MAb. (D) 3D4/21 cells were mock-infected or infected with 0.5 MOI PRRSV. Cells were collected at 12 h post-infection.

Analysis of TRAIP protein expression levels by flow cytometry. *P < 0.05, ***P < 0.001 (analysis of two-way ANOVA followed by Bonferroni post-test). Data are

representative of three independent experiments.

FIGURE 2 | TRAIP contributes to PRRSV proliferation. Flag-tagged TRAIP plasmid or negative control (NC) and siRNA1 (siTRAIP-1) or siRNA2 (siTRAIP-2) targeting

TRAIP were transfected into 3D4/21 respectively at the indicated times (A–D), after which the cells were infected with 0.5 MOI PRRSV and the cells were collected at

12 or 24 h post-infection. Flag-TRAIP was recognized by the anti-FLAG tag antibody (A) and siRNA interference effects were detected by TRAIP polyclonal

immunoblotting and qRT-PCR at post-transfection 24 h (B). The infected cells were collected at 12 h (C–H) or 24 h (C) post-infection, PRRSV N mRNA was detected

by qRT-PCR, and PRRSV N was shown by WB analysis (G). Analysis of PRRSV levels by flow cytometry detection of PRRSV N (E,F). (H) PRRSV was inoculated after

transfection with TRAIP and PRRSV load was tested by TCID50 after 8 or 12 h. *P < 0.05, **P < 0.01 (analysis of two-way ANOVA followed by Bonferroni post-test).

Data are representative of three independent experiments.
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FIGURE 3 | TRAIP interacts with PRRSV-nsp1α. (A) HEK293 cells were first transfected with Flag-TRAIP and then co-transfected with Myc-nsp1, Myc-nsp1α,

Myc-nsp1β, vector expressing plasmids. The cell lysates were then immunoprecipitated with an anti-Myc MAb and detected by Western blotting at 24 h

post-transfection. (B,C) Co-localization of nsp1α protein with TRAIP in the cytoplasm and nucleus in HeLa cells and 3D4/21 cells. HeLa or 3D4/21 cells were seeded

in 12-well plates and co-transfected with Flag-TRAIP and Myc-nsp1α expressing plasmid. At 18 h post-transfection, the cells were incubated with a rabbit anti-Myc

mAb and a mouse anti-Flag antibody followed by FITC-conjugated anti-mouse IgG (green) and PE-conjugated anti-rabbit IgG (red) or FITC-conjugated anti-rabbit IgG

(green) and PE-conjugated anti-mouse IgG (red). (D) Porcine TRAIP co-localize with PRRSV-nsp1α in PRRSV infection of 3D4/21 cells. Nuclei were stained with DAPI

(blue). Cells were observed under a laser confocal imaging analysis system, scale bar: 7µm.

TRAIP and nsp1α (Figure 3D). Taken together, our findings
indicated TRAIP interacts with nsp1α.

Nsp1α Removes Sumo-Modification of
TRAIP
Previous studies have shown that TRAIP is post-translationally
modified by SUMO (46). Some viral proteins can also
affect the SUMOylation of host cellular proteins to impact
various intracellular activities (47, 48). Overexpression of
PRRSV nsp1α weakened the SUMO modification of cells
(Supplementary Figure 3). Next, the effect of nsp1α on TRAIP
SUMO modification was detected using SUMO1 antibody or
SUMO2/3 antibody. We found a pronounced TRAIP sumo-
modified band appeared, especially the sumo1 modification,
and was attenuated in the TRAIP and nsp1α co-expression
groups (Figures 4A,B). At the same time, TRAIP expression
is detected by western blotting using anti-Flag antibody and
TRAIP antibody, respectively. Our results suggested that Flag-
TRAIP or endogenous TRAIP is modified with SUMO moieties.
However, SUMOylation of TRAIP is reduced when PPRSV nsp1α
is overexpressed (Figures 4C,D). To more accurately detect the

effect of nsp1α on sumoylated TRAIP, a co-immunoprecipitation
assays was used. The co-immunoprecipitation results further
confirmed the effect of nsp1α on the SUMOylation of TRAIP
(Figures 4E,F). Taken together, these findings demonstrate that
PRRSV nsp1α can significantly reduce the SUMO modification
of TRAIP.

The LZ Domain of TRAIP Interacts With
PCPα of Nsp1α

Previous experiments have verified the interaction of nsp1α
with TRAIP. To further provide a molecular mechanism
for this interaction, the domain of TRAIP was analyzed
and different TRAIP truncations were constructed. Analysis
showed that TRAIP consisted of a RING domain, putative
coiled-coil domain and leucine zipper region (Figure 5A).
The immunoprecipitation results indicated that Flag-TRAIP
could be co-precipitated with Myc-nsp1α and the key to this
interaction was the LZ domain (residues 201–280) (Figure 5B).
Subsequently, to identify the critical domains of nsp1α
that were responsible for TRAIP binding, we mapped the
domains of PRRSV nsp1α and constructed the corresponding
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FIGURE 4 | Nsp1α removed SUMO-modification of TRAIP. HEK 293T cells were transfected with HA-nsp1α and Flag-TRAIP, and lyzed in RIPA buffer containing

desumoylation protease inhibitor N-Ethylmaleimide [NEM] inhibition of deSUMOylation of TRAIP. The effect of nsp1α on TRAIP SUMO modification was detected using

SUMO1 antibody (A) or SUMO2/3 antibody (B). (C) HEK 293T cells were co-transfected with HA-nsp1α and Flag-TRAIP, and the effect of nsp1α on

exogenous TRAIP SUMO-modification was detected by Western blotting. (D) HEK 293T cells were transfected with HA-nsp1α or vector and the effect of nsp1α

on endogenous TRAIP SUMO modification was detected by WB. HEK 293T cells were cotransfected with Myc-nsp1α and Flag-TRAIP (E,F) and the effect of nsp1α

on endogenous TRAIP SUMO modification was detected by co-immunoprecipitation.

truncated segments, which consisted of amino acids (aa)
1–167 (nsp1α-N), aa 67–180 (nsp1α-C) (Figure 5C). We next
investigated the PCPα motif interacted with intact TRAIP
(Figure 5D). All nsp1α segments were shown to interact
when analyzed by immunoprecipitation. Together these results
revealed that the PRRSV nsp1α and TRAIP interaction depended
on the PCPα motif of nsp1α and LZ domain of TRAIP
(Figure 5E).

The Effect of PRRSV Nsp1α on TRAIP
SUMOylation Is Independent of the
Interaction
Five SUMOylation sites in TRAIP (K80R, K127R, K205R, K247R,
and K465R) have been identified in previous studies (46). In this
study, the complete CDS of TRAIP was successfully amplified,
and amino acid sequence alignment analysis was performed,
indicating that TRAIP has high amino acid sequence identity
with Homo sapiens andMusmusculus. It is worth noting that the
TRAIP’s SUMOylation sites are highly conserved (Figure 6A).
We constructed TRAIP point mutations to determine whether
the SUMOylation site was important for its association with
nsp1α. Co-immunoprecipitation analysis indicated that the K205

residue of TRAIP was critical for the interaction (Figure 6B).
Next, we sought to investigate the effect of nsp1α on the
SUMOylation function of different TRAIPmutants. Surprisingly,
nsp1α removed SUMO modifications of different mutants to
a similar extent, including K205 (Figures 6C,D). Therefore,
nsp1α reduces the SUMO modification of TRAIP independent
of the interaction. It was hypothesized that nsp1α may
affect the multi-step enzymatic process in SUMOylation or
deSUMOylation.

Nsp1α Inhibits K48-Linked
Polyubiquitination and Degradation of
TRAIP
Recent analyses suggest an evolutionarily conserved and
fundamental molecular interface between the SUMO and
ubiquitin systems (49). Protein SUMOylation can influence its
subsequent ubiquitination and degradation (50, 51). Studies have
shown that TRAIP can be ubiquitinated, and SUMOylation of
TRAIP affects its ubiquitination (46). So the next step, the role
of nsp1α on TRAIP ubiquitination was investigated.

The results revealed that nsp1α inhibited the ubiquitination
of TRAIP-WT, but not TRAIP-K205R (Figure 7A). Further
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FIGURE 5 | The LZ domain of TRAIP interacts with PCPα of nsp1α. (A) Mapping of wild-type (WT) TRAIP and different key enzyme truncated of TRAIP. TRAIP is

consisted of a RING domain, a Coiled coil (CC) domain, a Zipper domain, and nuclear localization signals (NLS). (B) HEK293T cells were co-transfected with

Myc-nsp1α and different Flag-tag TRAIP deletion mutants plasmids. Cells were harvested and lysed, and immunoprecipited (IP) with Flag-conjugated beads. (C)

Mapping of wild-type (WT) nsp1α and internal deletion mutants. Nsp1α is consisted of a papain-like cysteine protease α (PCPα) motif, an N-terminal zinc finger motif

(ZF1), and the carboxyl-terminal extension (CTE). (D) Flag-TRAIP interacts with the PCP1α domain of nsp1α. (E) The model of TRAIP interacts with nsp1α was

proposed.

analysis found that PRRSV nsp1α inhibited K48-linked
polyubiquitination in TRAIP (Figure 7B). As shown in

Figure 7B, mutation of lysine 205 to arginine did not
affect its ubiquitination level, suggesting that K205 is not a

ubiquitination site (lane 7 and lane 5). However, the nsp1α

lost the ability to inhibit polyubiquitination of TRAIP-K205R
mutant, indicating that nsp1α is dependent on K205 site to

reduce the self-ubiquitination of TRAIP. Further analysis
showed the K48 polyubiquitination of TRAIP was inhibited
by deleting the LZ domain of TRAIP, indicating the presence
of the K48 ubiquitination site in the LZ domain (Figure 7C).
Next, changes in protein levels caused by nsp1α-induced
ubiquitination regulation of TRAIP were verified. When the
proteasome degradation of TRAIP was inhibited by MG132,
the intracellular TRAIP protein content was not affected in
overexpressed nsp1α cells, indicating that nsp1α does not affect
the production of TRAIP protein (Figure 7D). However, nsp1α
co-transfection can increase the protein stability of TRAIP
in the absence of MG132 (Figure 7E). Taken together, nsp1α
co-transfection can inhibit K48-linked self-ubiquitination of
TRAIP possibly occupy or occlude the ubiquitination site in
the LZ domain by changing the TRAIP spatial conformation,

thereby inhibiting the degradation of TRAIP and maintaining
TRAIP stability.

Nsp1α Decreased the Abundance of TRAIP
in the Nucleus
As shown previously, SUMO modification played a key role
in its nuclear import (52, 53). We therefore examined the
effect of overexpression of nsp1α on the nuclear distribution
of TRAIP. The results showed that the distribution of
TRAIP in the nucleus was significantly reduced, while that

in the cytoplasmic was increased conversely when nsp1α was

overexpressed (Figure 8A). Similarly, nsp1α can also affect the
distribution of TRAIP K205R mutant (Figure 8B). Detection of
endogenous TRAIP protein distribution further validated the
result (Figure 8C). To visually detect the distribution of TRAIP
in the cytoplasm and nucleus, the TRAIP immunofluorescence
was analyzed at the indicated time points (Figure 8D).
Statistics showed PRRSV nsp1α significantly reduced the
TRAIP content in the nucleus (Figure 8E). Collectively, these
results suggest nsp1α alters the distribution in the nucleus
and cytoplasm and reduces the abundance of TRAIP in the
nucleus.
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FIGURE 6 | The effect of nsp1α on SUMOylation of TRAIP is independent of their interaction. (A) Sequence comparison of TRAIP and homologs from other species.

The TRAIP cDNA encoded an ORF with 471 amino acid-long protein, GeneBank Accession XM_021068793.1. Porcine TRAIP amino acid sequence was compared

with those from Homo sapiens TRAIP (NM_005879.2), Mus musculus (NM_011634.3), respectively. (B) Coimmunoprecipitation analysis of TRAIP K205R SUMO site

interacts with Myc-nsp1α in HEK293T cells. (C,D) HEK 293T cells were cotransfected with Myc-nsp1α and Flag-TRAIP or different point mutants, and the effect of

nsp1α on endogenous TRAIP SUMO modification was detected by co-immunoprecipitation.

Nsp1α Expression Can Increase
K48-Linked Ubiquitination of TBK1
We have shown that nsp1α regulated the distribution of
TRAIP in the cytoplasm and nucleus by removing both the

SUMO modification and K48-ubiquitination modifications of

TRAIP. Previous research has found that TRAIP promoted

TBK1 degradation via K48-linked ubiquitination (39) and
this result was verified in this report (Figure 9A). It was
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FIGURE 7 | Nsp1α inhibits K48-linked polyubiquitination and degradation of TRAIP. HEK 293T cells were co-transfected with Flag-TRAIP and Myc-nsp1α or vector

supplemented 10µM MG132 (A). At 24 h post-transfection, the cell lysates were co-immunoprecipitated with an anti-Flag and probed with Ub antibody to detect

ubiquitin levels of TRAIP respectively by Western blotting. (B) 293T cells were co-transfected with Flag-TRAIP or Flag-TRAIP (K205R), HA-Ub-WT, HA-Ub-K48

(ubiquitin mutants retaining a single lysine residue), and Myc-nsp1α or vector. At 24 h post-transfection, the cell lysates were precipitated with an anti-Flag MAb and

further detected by Western blotting with an anti-HA MAb and an anti-Flag. (C) The K48 polyubiquitination of TRAIP was detected in different TRAIP deletion mutants.

HEK 293T cells were transfected with Myc-nsp1α (0.5 or 1.0 µg) or vector (D,E). TRAIP expression in total cellular protein and the protein stability of TRAIP in the

absence of proteasome inhibitor MG132 (5µM) was detected by Western blotting, respectively.
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FIGURE 8 | Nsp1α decreased the abundance of TRAIP in the nucleus. HEK 293T cells were co-transfected with Myc-nsp1α and Flag-TRAIP (WT) (A) or Flag-TRAIP

(K205R) (B), in the presence of proteasome inhibitor MG132 (5µM) and after 24 h, cytoplasmic protein and nucleoprotein were extracted and detected with anti-Flag

mAb or anti-Myc antibody, respectively, by Western blotting. HIST3H3 was used as an internal loading control for nuclear protein load, and β-actin as the control for

cytoplasmic protein load. (C) HEK 293T cells were transfected with Myc-nsp1α. At 24 h post-transfection, cytoplasmic protein and nucleoprotein were extracted and

detected with TRAIP mAb or anti-Myc antibody. (D) Co-transfection of Flag-TRAIP with Myc-nsp1α or vector into HeLa cells. The cells were fixed and double-stained

with a mouse anti-Flag antibody at the indicated times, followed by FITC-conjugated anti-mouse IgG (green). Nuclei were stained with DAPI (blue). Cells were observed

under a laser confocal imaging analysis system, scale bar: 7µm. (E) Statistical analysis of TRAIP distribution in cytoplasm and nucleus in HeLa cells was counted.

found Flag-TBK1 can interact with Myc-nsp1α and HA-TBK1
by immunoprecipitation (Figure 9B). The trimer complex of
nsp1α with TRAIP and TBK1 was further confirmed in
HeLa and 3D4/21 cells by immunofluorescence (Figures 9C,D).
Furthermore, nsp1α promoted the K48-linked ubiquitination
of TBK1 by TRAIP (Figures 9E,F). Therefore, it appeared that
nsp1α increased TRAIP cytoplasmic abundance, leading to
excessive TBK1 K48-linked ubiquitination.

Nsp1α Promotes the Inhibitory Effect of
TRAIP on Interferon-Mediated Innate
Immunity
Type I (IFN-α and β) are parts of the non-specific immune
system and serve as the first line of defense (1). Studies
have found that TRAIP plays an important role in RIG-I-
mediated type I interferon response. In our work, the function
of TRAIP in the interferon signaling pathway induced by
PRRSVwas also examined. The results demonstrated that TRAIP
significantly inhibited the production of type I interferons (IFN-
α, IFN-β) and inflammatory related factors (IL-1β, IL-6, TNF-
α) (Supplementary Figures 4a,b). While expression of TRAIP

was downregulated by siRNA, the mRNA levels of IFN-α, IFN-
β, and inflammatory cytokines (IL-1β, IL-6, TNF-α) increased
(Supplementary Figures 4c–g). Then, the role of PRRSV nsp1α

and TRAIP in interferon-mediated innate immunity was
examined. Nsp1α significantly enhanced TRAIP inhibition of

IRF3 and IFN-β mRNA levels in SeV-stimulated interferon

activation (Figures 10A,B). Consistently, the luciferase reporter

system further confirmed that TRAIP inhibited IFN production
together with PRRSV nsp1α, and the downregulation of the

IFN-β and ISRE activation was remarkable in cells co-transfected

withMyc-nsp1α and Flag-TRAIP (Figures 10C,D). The vesicular
stomatitis virus (VSV-GFP) was used to further substantiate the

presence of biologically active IFN. As shown in Figure 10E,
TRAIP promoted VSV proliferation while co-expression of

nsp1α. Next, the expression of TBK1 and phosphorylated IRF3
in the interferon signaling pathway were examined by western

blotting. The results showed nsp1α enhanced the effect of
TRAIP on TBK1 degradation and IRF3 activation (Figure 10F).
Consistently, the additive effect disappeared when the K205R
mutation of TRAIP was present. Collectively, these data together
reflected the biological activity of the interaction of nsp1α with
TRAIP in the regulation of antiviral innate immune responses.
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FIGURE 9 | Nsp1α forms trimer complex with TRAIP and TBK1. (A,F) Detection of Lys48 (K48)-linked polyubiquitination of TBK1. HEK 293T cells were transfected

with Flag-TBK1, Myc-TRAIP, HA-K48, or Myc-empty vector (A) or HA-K48, GFP-TRAIP or GFP-TRAIP (K205R), Flag-TBK1, Myc-nsp1α, or Myc-empty vector (F). At

24 h post-transfection, FLAG-immunoprecipitates were probed with HA antibodies to detect to Lys48 (K48)-linked polyubiquitination of TBK1. (B) HEK293T cells were

co-transfected with Myc-nsp1α, HA-TRAIP, Flag-TBK1, or Flag-empty vector. FLAG immunoprecipitation (IP) was used to detect the interaction of TBK1, nsp1α, and

TRAIP. (C) Immunofluorescence was used to detect the interaction between TBK1, nsp1α, and TRAIP in 3D4/21 and HeLa cells. (D) Co-transfection of GFP-TRAIP

with Myc-nsp1α and Flag-TBK1 into HeLa cells. The cells were fixed and double-stained with a mouse anti-Myc antibody and a rabbit anti-Flag antibody and followed

by PE-conjugated anti-mouse IgG (red) and IF647 goat anti-rabbit IgG. Nuclei were stained with DAPI (blue). Cells were observed under a laser confocal imaging

analysis system, scale bar: 7µm. (E) HEK 293T cells were transfected with Flag-TBK1, HA-TRAIP, or Myc-empty vector. At 24 h post-transfection,

FLAG-immunoprecipitates were probed with Ub antibodies to detect polyubiquitination of TBK1.

DISCUSSION

Post-translational modifications (PTMs) of proteins are
critical for controlling essential cellular processes. Both

ubiquitination and SUMOylation are among the most common
post-translational modifications. The ubiquitin molecule
contains seven lysine sites (K6, K11, K27, K29, K33, K48,
and K63). Target proteins linked by the K48 ubiquitin chain
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FIGURE 10 | The inhibitory effect of TRAIP and nsp1α on interferon-mediated innate immunity. (A,B) HEK293T were transfected with TRAIP or TRAIP(K205R)together

with Myc-nsp1α or Myc-empty vector respectively and then infected with 0.1 MOI SeV for 12 h. Cells were harvested, mRNA expression of IRF3 (A) and IFN-β (B)

were analyzed by qRT-PCR, and TBK1 and p-IRF3 were detected by Western blotting (F). (C,D) HEK293T were transfected with TRAIP or TRAIP(K205R)and

Myc-nsp1α or Myc-empty vector together with IFN-β reporter or ISRE reporter constructs for 18h and then infected with 0.1 MOI SeV before being lysed for luciferase

assays. (E) HEK293T were transfected with TRAIP or TRAIP(K205R)together with Myc-nsp1α or Myc-empty vector and then infected with 0.1 MOI VSV-GFP,

immunofluorescence microscopy imaging detected the proliferation of VSV.

can be recognized and degraded by the proteasome, and
ubiquitin–protein ligases (E3s) play a crucial role in this process
by recognizing target proteins. Ubiquitination changes the
interaction between proteins, the stability and degradation of
key proteins in signal pathways, thereby regulating natural
immunity. SUMOylation is similar to the ubiquitination process,
and reversibly modifies many proteins rather than perform
proteasome-mediated degradation. SUMOylated proteins are
more stable and SUMOylation modifications have extensive
functions that are mainly reflected in their modified substrates.

For example, TRAIP is a SUMO substrate and its activity is
regulated by the SUMO machinery. SUMO-modified TRAIP
has been reviewed in the regulation of protein localization
and antagonism of ubiquitination. The SUMO modification of
TRAIP guarantees its proper subcellular localization (46).

The virus employs multiple strategies to promote their own
common proliferation in infected host cells. Viral proteins do
not only participate in the regulation of the SUMOylation
modification system, but also utilize the SUMOylation
modification system to regulate other signaling pathways (54).
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FIGURE 11 | Proposed model for the regulation of the interaction of PRRSV nsp1α with post-translational SUMO modification of TRAIP. Compared to non-PRRSV

infection model, PRRSV-nsp1α alters the role of TRAIP in cellular life activities by modulating post-translational modifications of proteins. (I) PRRSV infection inhibits

SUMOylation and self-ubiquitination of TRAIP, resulting in excessive enrichment of TRAIP in the cytoplasm. (II) Enrichment of cytoplasmic TRAIP leads to excessive

K48 ubiquitination and degradation of TBK1, resulting in reduced phosphorylated IRF3 and type I interferon production.

In this study, the complete coding sequence (CDS) of TRAIP
was cloned from porcine peripheral blood mononuclear cells
(PBMC) and its amino acid sequence was highly homologous to
Homo sapiens, including the RING domain and multiple SUMO
sites. The SUMOylation and K48-linked polyubiquitination
of TRAIP was attenuated by PRRSV nsp1α, thereby affecting
intracellular localization of TRAIP and changing the distribution
in the nucleus and cytoplasm. Consequently, these changes in
turn affected the regulation of host immune signaling pathways.
Our model for the regulation of the interaction of PRRSV nsp1α
with post-translational modification of TRAIP is presented in
Figure 11.

PRRSV is an important pathogen of swine. PRRSV-induced
TRAIP transcription levels peak in early infection, which is
consistent with the stage of high transcriptional expression
levels of non-structural proteins during PRRSV replication and
proliferation (55). Interestingly, we further observed that the
morphology and subcellular localization of TRAIP was similar
to nsp1α. What’s more, PRRSV proliferation showed a trend of
increasing in TRAIP overexpression in 3D4/21 cells.

There is crosstalk between SUMOylation and other post-
translational modifications (56), and SUMOylation can
compete with ubiquitination for substrate lysine residues
to prevent proteasome degradation and ensure its stability
(57, 58). However, some studies have shown that substrate
proteins modified by SUMO as labeled molecules can

recruit SUMO-targeted ubiquitin ligases (STUbL) to mediate
subsequent ubiquitination degradation (50, 59, 60). Analysis
revealed that most of SUMO-modified target molecules
contained ψ-Lys-X-Glu (ψ representing an aliphatic amino acid,
X being any amino acid) sites that specifically bind to SUMO (61).
Subsequently, SUMO-linked TRAIP was verified and SUMO
sites in TRAIP substrates have also been characterized (46). The
LZ domain of TRAIP interacts with the PCPα domain of PRRSV
nsp1α, and the K205 site in TRAIP was further confirmed as
the key site. The specific mechanism of nsp1α control of TRAIP
SUMO modification independent of the binding position. We
hypothesized that nsp1α may affect the multi-step enzymatic
process in SUMOylation or deSUMOylation. Interestingly,
nsp1α not only inhibited SUMOylation but also reduced
K48 ubiquitination of TRAIP. The K48 polyubiquitination
of TRAIP was also inhibited by deleting the LZ domain of
TRAIP, indicating that the ubiquitination sites in the LZ
domain of TRAIP are crucial. Nsp1α may occupy or occlude
the ubiquitination site in the LZ domain by changing the
TRAIP spatial conformation, resulting in nsp1α inhibiting K48
ubiquitination of TRAIP and further stabilizing its structure.

Both nsp1α and TRAIP have been identified as nuclear
shuttling proteins. The subcellular distribution of proteins is
affected by the presence of nuclear localization signals (NLS)
and nuclear export signals (NES) (62). Previous research has
proposed that a nuclear export signal in PRRSV nsp1α is

Frontiers in Immunology | www.frontiersin.org 15 December 2018 | Volume 9 | Article 302322

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Shi et al. Host TRAIP Impacts PRRSV Proliferation

necessary for type I IFN inhibition (62), and PRRSV nsp1α may
enter the cell nucleus through interaction with cellular proteins
(63). Our study suggests that TRAIP containing an NLS is a
potential cellular molecule assisting nsp1α into the nucleus, and
TRAIP may also enter the cytoplasm as a partner of nsp1α.
Nsp1α increased the cytoplasmic abundance and stability of
TRAIP, further promoting TBK1 degradation via K48-linked
ubiquitination in 293T cells. In addition, nsp1α, which appears to
act as a partner molecule, forms a ternary complex with TRAIP
and TBK1 in the cytoplasm. Ubiquitination modification not
only regulates a number of physiological functions within the
cell, but is also involved in the regulation of a variety of viral
replication and proliferation processes. E3 ubiquitin ligases have
been reported to be involved in the regulation of protein stability
in RIG-I signaling (64–66).

Overall, our study elucidates a unique novel mechanism by
which PRRSV nsp1α resists innate immunity and promotes virus
proliferation by modulating TRAIP protein nuclear:cytoplasmic
ratio. As showed in Figure 2, TRAIP was identified as a
protein that is overexpressed by PRRSV infection and favors
virus proliferation. Mechanistically, nsp1α inhibits SUMOylation
and self-ubiquitination of TRAIP, inducing over-enrichment of
TRAIP in the cytoplasm. As a nuclear transport protein, TRAIP
has immune regulation functions for life activities of the cell.
Enrichment of nsp1α-induced TRAIP cytoplasm also leads to
excessive K48 ubiquitination and degradation of TBK1, thus
impairing type I interferon production. This study proposes a
new mechanism for PRRSV dual regulation modification of host
proteins to affect innate immunity. However, whether nsp1α
regulates TRAIP through other patterns besides steric hindrance,
such as enzyme regulation, is still unknown. The effects of
PRRSV on TRAIP post-translational modification or nuclear
ratio in the context of virus-infected cells require more data to
prove. And themechanism of PRRSV infection induced excessive
transcription and expression of TRAIP also demands further
exploration.

AUTHOR’S NOTE

Tumor necrosis factor (TNF) receptor associated factors (TRAF)
interacting protein (TRAIP) is a particular host protein that
exerts multiple functions in cell cycle progression, DNA

damage response, and DNA repair pathways. Currently, the
mechanism of action of TRAIP in PRRSV infection has
never been reported. In this study, the relationship between
TRAIP and porcine reproductive and respiratory syndrome
virus replication (PRRSV) was investigated. Small ubiquitin-like
modifier self-addition (SUMOylation) and self-ubiquitination of
TRAIP was attenuated by PRRSV non-structural protein 1α
(nsp1α), thereby affecting intracellular localization of TRAIP
and changing the distribution in the nucleus and cytoplasm.
As a cytoplasmic event, the cytoplasmic guiding effect of
nsp1α on TRAIP promotes the ubiquitination and degradation
of serine/threonine-protein kinase (TBK1). To sum up, a
novel mechanism was presented by which PRRSV utilizes host
proteins to regulate innate immunity. This study enriches the
understanding of viral regulatory host protein post-translational
modifications and interference with cell life processes.

AUTHOR CONTRIBUTIONS

JH conceived and designed the experiments. PS, YS, RL, CC, Liz,
and LeZ performed the experiments. YS, PS, and KF analyzed the
data. JH contributed reagents, materials, analysis tools. PS and JH
wrote the paper.

FUNDING

This work was supported by the National Key Research and
Development Program of China (2018YFD0500500), National
Natural Science Foundation of China (31272540) and the
underprop project of Tianjin Science and Technology Committee
in China (16YFZCNC00640).

ACKNOWLEDGMENTS

We would like to thank Prof. Shaobo Xiao of Huazhong
Agricultural University for gift of NSP1α monoclonal antibody.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2018.03023/full#supplementary-material

REFERENCES

1. Tanji T, Ip YT. Regulators of the Toll and Imd pathways in the

Drosophila innate immune response. Trends Immunol. (2005) 26:193–8.

doi: 10.1016/j.it.2005.02.006

2. Bourgeois C, Majer O, Frohner IE, Lesiakmarkowicz I, Hildering KS,

Glaser W, et al. Conventional dendritic cells mount a type I IFN response

against Candida spp. requiring novel phagosomal TLR7-mediated IFN-

β signaling. J Immunol. (2011) 186, 3104–12. doi: 10.4049/jimmunol.

1002599

3. Schoggins JW, Wilson SJ, Panis M, Murphy MY, Jones CT, Bieniasz P, et al. A

diverse range of gene products are effectors of the type I interferon antiviral

response. Nature (2011) 472:481–5. doi: 10.1038/nature09907

4. Loo YM, Fornek J, Crochet N, Bajwa G, Perwitasari O, Martinezsobrido L,

et al. Distinct RIG-I andMDA5 signaling by RNA viruses in innate immunity.

J Virol. (2008) 82:335–45. doi: 10.1128/JVI.01080-07

5. Thanos D, Maniatis T. Virus induction of human IFNβ gene expression

requires the assembly of an enhanceosome. Cell (1995) 83:1091–100.

doi: 10.1016/0092-8674(95)90136-1

6. Maniatis T, Falvo JV, Kim TH, Kim TK, Lin CH, Parekh BS, et al. Structure and

function of the interferon-beta enhanceosome. Cold Spring Harb Symp Quant

Biol. (1998) 63:609–20. doi: 10.1101/sqb.1998.63.609

7. Allende R, Laegreid WW, Kutish GF, Galeota JA, Wills RW, Osorio

FA. Porcine reproductive and respiratory syndrome virus: description of

persistence in individual pigs upon experimental infection. J Virol. (2000)

74:10834–7. doi: 10.1128/JVI.74.22.10834-10837.2000

Frontiers in Immunology | www.frontiersin.org 16 December 2018 | Volume 9 | Article 302323

https://www.frontiersin.org/articles/10.3389/fimmu.2018.03023/full#supplementary-material
https://doi.org/10.1016/j.it.2005.02.006
https://doi.org/10.4049/jimmunol.1002599
https://doi.org/10.1038/nature09907
https://doi.org/10.1128/JVI.01080-07
https://doi.org/10.1016/0092-8674(95)90136-1
https://doi.org/10.1101/sqb.1998.63.609
https://doi.org/10.1128/JVI.74.22.10834-10837.2000
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Shi et al. Host TRAIP Impacts PRRSV Proliferation

8. Pejsak Z, Stadejek T, Markowska-Daniel I. Clinical signs and

economic losses caused by porcine reproductive and respiratory

syndrome virus in a large breeding farm. Vet Microbiol. (1997) 55:317.

doi: 10.1016/S0378-1135(96)01326-0

9. Sang Y, Rowland RRR, Blecha F. Interaction between innate immunity and

porcine reproductive and respiratory syndrome virus. Anim Health Res Rev.

(2011) 12:149–67. doi: 10.1017/S1466252311000144

10. Robinson S. Mechanisms of Immune Protection Against Porcine Reproductive

and Respiratory Syndrome Virus (PRRSV). Dissertations and Theses -

Gradworks (2015).

11. Osorio FA, Galeota JA, Nelson E, Brodersen B, Doster A, Wills R, et al. Passive

transfer of virus-specific antibodies confers protection against reproductive

failure induced by a virulent strain of porcine reproductive and respiratory

syndrome virus and establishes sterilizing immunity. Virology (2002) 302:9–

20. doi: 10.1006/viro.2002.1612

12. Dea S, Gagnon CA, Mardassi H, Pirzadeh B, Rogan D. Current knowledge

on the structural proteins of porcine reproductive and respiratory syndrome

(PRRS) virus: comparison of the North American and European isolates.Arch

Virol. (2000) 145:659–88. doi: 10.1007/s007050050662

13. Wootton S, Yoo D, Rogan D. Full-length sequence of a Canadian porcine

reproductive and respiratory syndrome virus (PRRSV) isolate. Arch Virol.

(2000) 145:2297–323. doi: 10.1007/s007050070022

14. Chen Z, Lawson S, Sun Z, Zhou X, Guan X, Christopher-Hennings J,

et al. Identification of two auto-cleavage products of nonstructural protein

1 (nsp1) in porcine reproductive and respiratory syndrome virus infected

cells: nsp1 function as interferon antagonist. Virology (2010) 398:87–97.

doi: 10.1016/j.virol.2009.11.033

15. Xue F, Sun Y, Yan L, Zhao C, Chen J, Bartlam M, et al. The crystal structure

of the PRRSV nonstructural protein nsp1{beta} reveals a novel metal. J Virol.

(2010) 84:6461–71. doi: 10.1128/JVI.00301-10

16. Fang Y, Snijder EJ. The PRRSV replicase: exploring the multifunctionality

of an intriguing set of nonstructural proteins. Virus Res. (2010) 154:61–76.

doi: 10.1016/j.virusres.2010.07.030

17. Jing H, Fang L, Zhen D, Dang W, Hao W, Li G, et al. Porcine reproductive

and respiratory syndrome virus nsp1α inhibits NF-κB activation by targeting

the linear ubiquitin chain assembly complex. J. Virol. (2017) 91:e01911-16.

doi: 10.1128/JVI.01911-16

18. Han M, Du Y, Song C, Yoo D. Degradation of CREB-binding protein and

modulation of type I interferon induction by the zinc finger motif of the

porcine reproductive and respiratory syndrome virus nsp1α subunit. Virus

Res. (2013) 172:54–65. doi: 10.1016/j.virusres.2012.12.012

19. Shi X, Chang Y, Zhang X, Wang L, Li C, Jiang K, et al. Small interfering

RNA targeting nonstructural protein1 α (nsp1α) of porcine reproductive and

respiratory syndrome virus (PRRSV) can reduce the replication of PRRSV in

MARC-145 cells. Res Vet Sci. (2015) 99:215–7. doi: 10.1016/j.rvsc.2015.01.015

20. Seo J, Lee KJ. Post-translational modifications and their biological functions:

proteomic analysis and systematic approaches. J Biochem Mol Biol. (2004)

37:35–44. doi: 10.5483/BMBRep.2004.37.1.035

21. Choudhary C, Weinert BT, Nishida Y, Verdin E, Mann M. The growing

landscape of lysine acetylation links metabolism and cell signalling. Nat Rev

Mol Cell Biol. (2014) 15:536–50. doi: 10.1038/nrm3841

22. Wilkinson KD. Ubiquitination and deubiquitination: targeting of proteins

for degradation by the proteasome. Semin Cell Dev Biol. (2000) 11:141–8.

doi: 10.1006/scdb.2000.0164

23. Mueller DL. E3 ubiquitin ligases as T cell anergy factors. Nat Immunol. (2004)

5:883–90. doi: 10.1038/ni1106

24. Ikeda F, Dikic I. Atypical ubiquitin chains: new molecular signals. EMBO Rep.

(2008) 9:536–42. doi: 10.1038/embor.2008.93

25. Spratt DE, Wu K, Kovacev J, Pan ZQ, Shaw GS. Selective recruitment of

an E2∼ubiquitin complex by an E3 ubiquitin ligase. J Biol Chem. (2012)

287:17374–85. doi: 10.1074/jbc.M112.353748

26. Chen D, Dou QP. The ubiquitin-proteasome system as a prospective

molecular target for cancer treatment and prevention. Curr Protein Pept Sci.

(2010) 11:459–70. doi: 10.2174/138920310791824057

27. Li B, Dou QP. Bax degradation by the ubiquitin/proteasome-dependent

pathway: involvement in tumor survival and progression. Proc Natl Acad Sci

USA. (2000) 97:3850–5. doi: 10.1073/pnas.070047997

28. Denuc A, Marfany G. SUMO and ubiquitin paths converge. Biochem Soc

Trans. (2010) 38:34–9. doi: 10.1042/BST0380034

29. Kerscher O, Felberbaum R, Hochstrasser M. Modification of proteins by

ubiquitin and ubiquitin-like proteins. Ann Rev Cell Dev Biol. (2006) 22:159–

80. doi: 10.1146/annurev.cellbio.22.010605.093503

30. Wang L,Wansleeben C, Zhao S, PeiM, PaschenW,Wei Y. SUMO2 is essential

while SUMO3 is dispensable for mouse embryonic development. EMBO Rep.

(2014) 15:878–85. doi: 10.15252/embr.201438534

31. Geissfriedlander R, Melchior F. Concepts in sumoylation: a decade on. Nat

Rev Mol Cell Biol. (2007) 8:947–56. doi: 10.1038/nrm2293

32. Deyrieux A, Rosas-Acosta G, Ozbun M, Wilson V. Sumoylation

dynamics during keratinocyte differentiation. J Cell Sci. (2007) 120:125.

doi: 10.1242/jcs.03317

33. Gill G. Something about SUMO inhibits transcription. Curr Opin Genet Dev.

(2005) 15:536–41. doi: 10.1016/j.gde.2005.07.004

34. Ihara M, Koyama H, Uchimura Y, Saitoh H, Kikuchi A. Noncovalent binding

of small ubiquitin-related modifier (SUMO) protease to SUMO is necessary

for enzymatic activities and cell growth. J Biol Chem. (2007) 282:16465–75.

doi: 10.1074/jbc.M610723200

35. Lee SY, Sang YL, Choi Y. TRAF-interacting Protein (TRIP): a novel

component of the Tumor Necrosis Factor Receptor (TNFR)- and CD30-

TRAF signaling complexes that inhibits TRAF2-mediated NF-κB activation.

J Exp Med. (1997) 185:1275–85. doi: 10.1084/jem.185.7.1275

36. Park ES, Choi S, Kim JM, Jeong Y, Choe J, Park CS, et al. Early

embryonic lethality caused by targeted disruption of the TRAF-interacting

protein (TRIP) gene. Biochem Biophys Res Commun. (2007) 363:971–7.

doi: 10.1016/j.bbrc.2007.09.103

37. Merkle JA, Rickmyre JL, Garg A, Loggins EB, Jodoin JN, Lee E, et al.

no poles encodes a predicted E3 ubiquitin ligase required for early

embryonic development of Drosophila. Development (2009) 136:449–59.

doi: 10.1242/dev.027599

38. Regamey A, Hohl D, Liu JW, Roger T, Kogerman P, Toftgard R, et al.

The tumor suppressor CYLD interacts with TRIP and regulates negatively

nuclear factor kappaB activation by tumor necrosis factor. J Exp Med. (2003)

198:1959–64. doi: 10.1084/jem.20031187

39. ZhangM,Wang L, Zhao X, Zhao K,Meng H, ZhaoW, et al. TRAF-interacting

protein (TRIP) negatively regulates IFN-β production and antiviral response

by promoting proteasomal degradation of TANK-binding kinase 1. J ExpMed.

(2012) 209:1703–11. doi: 10.1084/jem.20120024

40. Uddin MJ, Nurogyina PK, Islam MA, Tesfaye D, Tholen E, Looft C,

et al. Expression dynamics of Toll-like receptors mRNA and cytokines

in porcine peripheral blood mononuclear cells stimulated by bacterial

lipopolysaccharide. Vet Immunol Immunopathol. (2012) 147:211–22.

doi: 10.1016/j.vetimm.2012.04.020

41. Su Y, Shi P, Zhang L, Lu D, Zhao C, Li R, et al. The superimposed

deubiquitination effect of OTULIN and Porcine Reproductive and

Respiratory Syndrome Virus (PRRSV) Nsp11 promotes multiplication

of PRRSV. J Virol. (2018) 92:e00175-18. doi: 10.1128/JVI.00175-18

42. Shi P, Zhang L, Wang J, Lu D, Li Y, Ren J, et al. Porcine FcεRI

mediates porcine reproductive and respiratory syndrome virus multiplication

and regulates the inflammatory reaction. Virol Sin. (2018) 33:249–60.

doi: 10.1007/s12250-018-0032-3

43. Han M, Kim CY, Rowland RR, Fang Y, Kim D, Yoo D. Biogenesis of non-

structural protein 1 (nsp1) and nsp1-mediated type I interferonmodulation in

arteriviruses. Virology (2014) 458–9:136–50. doi: 10.1016/j.virol.2014.04.028

44. Huang C, Zhang Q, Guo X, Yu Z, Xu A, Tang J, et al. Porcine reproductive

and respiratory syndrome virus nonstructural protein 4 antagonizes

IFN? Expression by targeting NEMO[J]. J Virol. (2014) 88:01396–14.

doi: 10.1128/JVI.01396-14

45. Chapard C, Meraldi P, Gleich T, Bachmann D, Hohl D, Huber M. TRAIP is a

regulator of the spindle assembly checkpoint. J Cell Sci. (2014) 127:5149–56.

doi: 10.1242/jcs.152579

46. Park IS, Han YG, Chung HJ, Jung YW, Kim Y, KimH. SUMOylation regulates

nuclear localization and stability of TRAIP/RNF206. Biochem Biophys Res

Commun. (2016) 470:881–7. doi: 10.1016/j.bbrc.2016.01.141

47. Chang TH, Toru K, Mayumi M, Steven J, Bradfute SB, Mike B, et al.

Ebola zaire virus blocks type I interferon production by exploiting the

Frontiers in Immunology | www.frontiersin.org 17 December 2018 | Volume 9 | Article 302324

https://doi.org/10.1016/S0378-1135(96)01326-0
https://doi.org/10.1017/S1466252311000144
https://doi.org/10.1006/viro.2002.1612
https://doi.org/10.1007/s007050050662
https://doi.org/10.1007/s007050070022
https://doi.org/10.1016/j.virol.2009.11.033
https://doi.org/10.1128/JVI.00301-10
https://doi.org/10.1016/j.virusres.2010.07.030
https://doi.org/10.1128/JVI.01911-16
https://doi.org/10.1016/j.virusres.2012.12.012
https://doi.org/10.1016/j.rvsc.2015.01.015
https://doi.org/10.5483/BMBRep.2004.37.1.035
https://doi.org/10.1038/nrm3841
https://doi.org/10.1006/scdb.2000.0164
https://doi.org/10.1038/ni1106
https://doi.org/10.1038/embor.2008.93
https://doi.org/10.1074/jbc.M112.353748
https://doi.org/10.2174/138920310791824057
https://doi.org/10.1073/pnas.070047997
https://doi.org/10.1042/BST0380034
https://doi.org/10.1146/annurev.cellbio.22.010605.093503
https://doi.org/10.15252/embr.201438534
https://doi.org/10.1038/nrm2293
https://doi.org/10.1242/jcs.03317
https://doi.org/10.1016/j.gde.2005.07.004
https://doi.org/10.1074/jbc.M610723200
https://doi.org/10.1084/jem.185.7.1275
https://doi.org/10.1016/j.bbrc.2007.09.103
https://doi.org/10.1242/dev.027599
https://doi.org/10.1084/jem.20031187
https://doi.org/10.1084/jem.20120024
https://doi.org/10.1016/j.vetimm.2012.04.020
https://doi.org/10.1128/JVI.00175-18
https://doi.org/10.1007/s12250-018-0032-3
https://doi.org/10.1016/j.virol.2014.04.028
https://doi.org/10.1128/JVI.01396-14
https://doi.org/10.1242/jcs.152579
https://doi.org/10.1016/j.bbrc.2016.01.141
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Shi et al. Host TRAIP Impacts PRRSV Proliferation

host SUMO modification machinery. PLoS Pathog. (2009) 5:e1000493.

doi: 10.1371/journal.ppat.1000493

48. El Mchichi B, Regad T, Maroui MA, Rodriguez MS, Aminev A, Gerbaud S.

SUMOylation promotes PML degradation during encephalomyocarditis

virus infection. J Virol. (2010) 84:11634–45. doi: 10.1128/JVI.

01321-10

49. Staudinger JL. The molecular interface between the SUMO and ubiquitin

systems. In: SUMO Regulation of Cellular Processes. Cham: Springer (2017).

p. 99–110. doi: 10.1007/978-3-319-50044-7_6

50. Burgess RC, Rahman S, Lisby M, Rothstein R, Zhao X. The Slx5-

Slx8 complex affects sumoylation of DNA repair proteins and negatively

regulates recombination.Mol Cell Biol. (2007) 27:6153–62. doi: 10.1128/MCB.

00787-07

51. Mullen JR, Brill SJ. Activation of the Slx5–Slx8 ubiquitin ligase by Poly-

small ubiquitin-like modifier conjugates. J Biol Chem. (2008) 283:19912–21.

doi: 10.1074/jbc.M802690200

52. Stade K. A lack of SUMO conjugation affects cNLS-dependent

nuclear protein import in yeast. J Biol Chem. (2002) 277:49554–61.

doi: 10.1074/jbc.M207991200

53. Saracco SA, Miller MJ, Kurepa J, Vierstra RD. Genetic analysis of

SUMOylation in Arabidopsis: conjugation of SUMO1 and SUMO2

to nuclear proteins is essential. Plant Physiol. (2007) 145:119–34.

doi: 10.1104/pp.107.102285

54. Deyrieux AF, Wilson VG. Viral interplay with the host sumoylation system.

Adv Exp Med Biol. (2017) 963:359–88. doi: 10.1007/978-3-319-50044-7_21

55. Han J. Characterization of the Multidomain Nsp2 Replicase Protein of Porcine

Reproductive and Respiratory Syndrome Virus. Dissertations and Theses

(2008).

56. Hendriks IA, D’Souza RC, Yang B, Verlaande VM, Mann M, Vertegaal AC.

Uncovering global SUMOylation signaling networks in a site-specific manner.

Nat Struct Mol Biol. (2014) 21:927–36. doi: 10.1038/nsmb.2890

57. Klenk C, Humrich J, Quitterer U, Lohse MJ. SUMO-1 controls the protein

stability and the biological function of phosducin. J Biol Chem. (2006)

281:8357–64. doi: 10.1074/jbc.M513703200

58. Escobarramirez A, Vercoutteredouart AS, Mortuaire M, Huvent I, Hardivillé

S, Hoedt E, et al. Modification by SUMOylation controls both the

transcriptional activity and the stability of delta-lactoferrin. PLoS ONE (2015)

10:e0129965. doi: 10.1371/journal.pone.0129965

59. Ii T, Fung J, Mullen JR, Brill SJ. The yeast Slx5-Slx8 DNA integrity

complex displays ubiquitin ligase activity. Cell Cycle (2007) 6:2800–9.

doi: 10.4161/cc.6.22.4882

60. Ii T, Mullen JR, Slagle CE, Brill SJ. Stimulation of in-vitro sumoylation by

Slx5-Slx8: evidence for a functional interaction with the SUMOpathway.DNA

Repair (2007) 6:1679–91. doi: 10.1016/j.dnarep.2007.06.004

61. Rodriguez MS, Dargemont C, Hay RT. SUMO-1 conjugation in vivo requires

both a consensus modification motif and nuclear targeting. J Biol Chem.

(2001) 276:12654–9. doi: 10.1074/jbc.M009476200

62. Zhi C, Liu S, Sun W, Lei C, Yoo D, Feng L, et al. Nuclear export signal

of PRRSV NSP1α is necessary for type I IFN inhibition. Virology (2016)

499:278–87. doi: 10.1016/j.virol.2016.07.008

63. Tijms MA, Snijder EJ. Equine arteritis virus non-structural protein 1,

an essential factor for viral subgenomic mRNA synthesis, interacts with

the cellular transcription co-factor p100. J Gen Virol. (2003) 84:2317–22.

doi: 10.1099/vir.0.19297-0

64. Kawai T, Akira S. Regulation of innate immune signalling pathways by the

tripartite motif (TRIM) family proteins. EMBO Mol Med. (2011) 3:513–27.

doi: 10.1002/emmm.201100160

65. Nakhaei P, Mesplede T, Solis M, Sun Q, Zhao T, Yang L, et al. The E3

ubiquitin ligase Triad3A negatively regulates the RIG-I/MAVS signaling

pathway by targeting TRAF3 for degradation. Cytokine (2008) 43:e1000650.

doi: 10.1371/journal.ppat.1000650

66. Arimoto K, Takahashi H, Hishiki T, Konishi H, Fujita T, Shimotohno K.

Negative regulation of the RIG-I signaling by the ubiquitin ligase RNF125.

Proc Natl Acad Sci USA. (2007) 104:7500–5. doi: 10.1073/pnas.0611551104

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 © 2018 Shi, Su, Li, Zhang, Chen, Zhang, Faaberg and Huang. 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 Immunology | www.frontiersin.org 18 December 2018 | Volume 9 | Article 302325

https://doi.org/10.1371/journal.ppat.1000493
https://doi.org/10.1128/JVI.01321-10
https://doi.org/10.1007/978-3-319-50044-7_6
https://doi.org/10.1128/MCB.00787-07
https://doi.org/10.1074/jbc.M802690200
https://doi.org/10.1074/jbc.M207991200
https://doi.org/10.1104/pp.107.102285
https://doi.org/10.1007/978-3-319-50044-7_21
https://doi.org/10.1038/nsmb.2890
https://doi.org/10.1074/jbc.M513703200
https://doi.org/10.1371/journal.pone.0129965
https://doi.org/10.4161/cc.6.22.4882
https://doi.org/10.1016/j.dnarep.2007.06.004
https://doi.org/10.1074/jbc.M009476200
https://doi.org/10.1016/j.virol.2016.07.008
https://doi.org/10.1099/vir.0.19297-0
https://doi.org/10.1002/emmm.201100160
https://doi.org/10.1371/journal.ppat.1000650
https://doi.org/10.1073/pnas.0611551104
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/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


ORIGINAL RESEARCH
published: 13 March 2019

doi: 10.3389/fimmu.2019.00363

Frontiers in Immunology | www.frontiersin.org 1 March 2019 | Volume 10 | Article 363

Edited by:

Anastasia N. Vlasova,

The Ohio State University,

United States

Reviewed by:

Cheryl Dvorak,

University of Minnesota Twin Cities,

United States

Mads Gyrd-Hansen,

University of Oxford, United Kingdom

*Correspondence:

Diego G. Diel

diego.diel@sdstate.edu

Specialty section:

This article was submitted to

Viral Immunology,

a section of the journal

Frontiers in Immunology

Received: 26 October 2018

Accepted: 12 February 2019

Published: 13 March 2019

Citation:

Fernandes MHV, Maggioli MF, Otta J,

Joshi LR, Lawson S and Diel DG

(2019) Senecavirus A 3C Protease

Mediates Host Cell Apoptosis Late in

Infection. Front. Immunol. 10:363.

doi: 10.3389/fimmu.2019.00363

Senecavirus A 3C Protease Mediates
Host Cell Apoptosis Late in Infection
Maureen H. V. Fernandes, Mayara F. Maggioli, Jaelin Otta, Lok R. Joshi, Steve Lawson and

Diego G. Diel*

Animal Disease Research And Diagnostic Laboratory, Department of Veterinary and Biomedical Sciences, South Dakota

State University, Brookings, SD, United States

Senecavirus A (SVA), an oncolytic picornavirus used for cancer treatment in humans,

has recently emerged as a vesicular disease (VD)-causing agent in swine worldwide.

Notably, SVA-induced VD is indistinguishable from foot-and-mouth disease (FMD) and

other high-consequence VDs of pigs. Here we investigated the role of apoptosis on

infection and replication of SVA. Given the critical role of the nuclear factor-kappa B

(NF-κB) signaling pathway on modulation of cell death, we first assessed activation

of NF-κB during SVA infection. Results here show that while early during infection

SVA induces activation of NF-κB, as evidenced by nuclear translocation of NF-κB-p65

and NF-κB-mediated transcription, late in infection a cleaved product corresponding

to the C-terminus of NF-κB-p65 is detected in infected cells, resulting in lower NF-κB

transcriptional activity. Additionally, we assessed the potential role of SVA 3C protease

(3Cpro) in SVA-induced host-cell apoptosis and cleavage of NF-κB-p65. Transient

expression of SVA 3Cpro was associated with cleavage of NF-κB-p65 and Poly (ADP-

ribose) polymerase (PARP), suggesting its involvement in virus-induced apoptosis. Most

importantly, we showed that while cleavage of NF-κB-p65 is secondary to caspase

activation, the proteolytic activity of SVA 3Cpro is essential for induction of apoptosis.

Experiments using the pan-caspase inhibitor Z-VAD-FMK confirmed the relevance of

late apoptosis for SVA infection, indicating that SVA induces apoptosis, presumably, as

a mechanism to facilitate virus release and/or spread from infected cells. Together, these

results suggest an important role of apoptosis for SVA infection biology.

Keywords: Senecavirus A, Seneca Valley virus, apoptosis, 3C protease, virus egress

INTRODUCTION

Senecavirus A (SVA) is a non-enveloped single-stranded positive-sense RNA virus of the genus
Senecavirus, family Picornaviridae (1, 2). SVA was first detected as a cell culture contaminant in
2002 in the United States (US) (3), and subsequently identified as a novel picornavirus closely
related to members of the genus Cardiovirus (1). The SVA genome is approximately 7.2 kb in
length containing a single open reading frame (ORF) that encodes a 2181 aa polyprotein, which is
cleaved into four structural proteins (VP1, VP2, VP3, and VP4) and eight non-structural proteins
(L, 2A, 2B, 2C, 3A, 3B, 3C, and 3D) (1). Processing of the polyprotein into mature viral proteins
is catalyzed by the non-structural protein 3Cpro, a virus-encoded cysteine protease that contains
a conserved His, Asp, Cys catalytic triad (1, 4). While the structural proteins of picornaviruses
form the virus capsid and are involved in receptor binding and cell entry, non-structural
proteins are mainly responsible for virus replication (5) and play important roles on virus-host
interactions contributing to innate immune evasion, virus virulence and pathogenesis (6–28).
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Since its identification, SVA has been associated with sporadic
cases of vesicular disease in pigs in the US and Canada
(29–31). However, after 2014, outbreaks of vesicular disease
associated to SVA have been reported in major swine producing
countries around the world (32–36). The lesions observed
during these outbreaks include vesicles on the snout, oral
mucosa and feet, involving the coronary bands, interdigital
space, due claws, and/or sole (29, 31, 33, 34, 37, 38). This
clinical presentation was also observed in experimentally infected
animals (39–42). Importantly, SVA-induced disease is clinically
indistinguishable from other high consequence vesicular diseases
of swine, including foot-and-mouth-disease (FMD), swine
vesicular disease (SVD), vesicular stomatitis (VS), and vesicular
exanthema of swine (VES) (31, 43).

In addition to its relevance to animal health, SVA has been
tested as an oncolytic agent for cancer treatment in humans
(2, 44–47). Given the promising results in animal models,
SVA was tested in phase I clinical trials, becoming the first
oncolytic picornavirus to be tested in humans (47, 48). The main
limitations to the broad use of SVA as an oncolytic agent in
humans, however, are the development of neutralizing antibodies
that result in rapid viral clearance from treated patients and the
fact that the molecular basis of SVA’s oncolytic activity remain
unknown (49). A better understanding of the molecular SVA-
host interactions and of the mechanism(s) underlying virus
replication in susceptible cells may allow the development of
improved SVA-based therapeutics for cancer treatment.

Picornaviruses modulate many host cellular pathways,
including the host translation machinery, innate immune
responses and cell survival or apoptosis. Foot-and-Mouth
disease virus (FMDV), for example has been shown to inhibit
nuclear factor kappa B- (NF-κB) (18) and interferon beta (IFN-β)
signaling (28). Enteroviruses, on the other hand, were shown
to take advantage of the host secretory autophagy pathway to
enhance their transmissibility (50) and cardioviruses were shown
to inhibit nucleocytoplasmic trafficking of host cell proteins (7).
Another important cellular process that is targeted by several
picornaviruses is programmed cell death, or apoptosis. Poliovirus
has been shown to modulate apoptosis and is known to inhibit
or induce host cell death during different phases of the infection
(51, 52), while Coxsackievirus B3 (53), and Hepatitis A virus (54)
are known to induce apoptosis. Recently, apoptosis was observed
in lesions caused by FMDV in the tongue of experimentally
infected pigs (55). These observations highlight the importance
of modulation of host cell apoptosis for the infection biology
of picornaviruses.

While apoptosis usually functions as a host defense
mechanism that ensures killing of infected cells (56, 57),
several viruses, including picornaviruses, have been shown
to induce apoptosis to enable efficient virus transmission
while avoiding overt inflammatory responses and activation
of the immune system (58). Activation of apoptosis occurs
mainly by two distinct pathways, the intrinsic and extrinsic
pathways, which utilize executioner caspases (Casp–3, –6,
and –7) to induce cell death (56, 59). Caspases are a family
of serine proteases that mediate many features of apoptosis
(57). These enzymes are maintained in the cell cytoplasm

as inactive proenzymes comprising two subunits (large and
small) and a variable amino terminal prodomain. Activation of
the caspases requires loss of the prodomain through catalytic
cleavage of a C-terminal aspartate residue and dimerization
of the large and small subunits to form the active protease
(57, 60). Apoptotic responses are usually initiated by activation
of Casp-8 or Casp-9 (via tumor necrosis factor receptor or Fas,
respectively), whose activity results in downstream activation
of the effector Casp–3, –6, and –7 (57, 60). These effector
enzymes cause cellular disassembly through cleavage of cell
death substrates, including lamin, poly(ADP-ribose) polymerase
(PARP) or the caspase-activated DNase/DNA fragmentation
factor (CAD/DFF) complex (61–63). Additional substrates of the
effector caspases include pro-survival transcription factors, such
as NF-κB (64, 65). Collectively, the action of the caspases result
in fragmentation of cellular DNA and cell death (57, 62, 63).

NF-κB is a ubiquitous transcription factor that modulates
not only cell death but also innate immunity and inflammatory
responses. This pathway seems to play critical roles in the
picornaviral life cycle (8, 11, 14, 16, 18, 19, 22, 27, 66). Activation
of the NF-κB signaling pathway by viruses is mediated by pattern
recognition receptors (PRRs) which detect pathogen associated
molecular patterns (PAMPs; including double-stranded RNA
[dsRNA] and/or viral proteins) and initiate the signaling cascade
that leads to host gene transcription (67, 68). In unstimulated
cells, the NF-κB transcription factors (NF-κB-p50, -p52, -
p65, RelB, or c-Rel) form homo- or heterodimers (69), that
are sequestered by the NF-κB inhibitor alpha (NFκBIA/IκBα)
in the cell cytoplasm (70). Once the pathway is activated,
IκBα is phosphorylated by upstream IκB kinases (IKKα,
IKKβ), triggering its proteasomal degradation and leading
to translocation of NF-κB subunits to the nucleus, where
they undergo additional post-translational modifications and
modulate transcription of pro-inflammatory-, innate immunity-,
and/or apoptosis-related genes (69). In this context, NF-κB
seems to play an essential role in protecting host cells from
picornavirus-induced apoptosis (71).

In the present study, we investigated the host apoptotic
responses during SVA infection and dissected the interplay
between the virus, host cell apoptosis and NF-κB signaling.
Results here show that SVA induces apoptosis late in infection,
which plays a critical role on the virus infection cycle, likely
facilitating virus release from infected cells.

MATERIALS AND METHODS

Cells and Virus
Primary swine turbinate (STu) and NCI-H1299 non-small
human lung carcinoma cell lines (ATCC R© CRL-5803) were
cultured at 37◦C with 5% CO2 in minimum essential medium
(MEM, Corning R©) or RPMI 1640 medium (Corning R©)
supplemented with 20 or 10% fetal bovine serum (FBS;
Seradigm), respectively. Cell culture media was supplemented
with 2mM L-glutamine (Corning R©), penicillin (100 IU/mL;
Corning R©), streptomycin (100µg/mL; Corning R©), and
gentamicin (50µg/ml; Corning R©). Senecavirus A strain SD15-
26 was isolated from a vesicular lesion from a finishing pig and
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has been previously characterized (39). Low passage (passage 4)
SVA stocks were prepared and titrated in H1299 cells, and used
in all experiments involving SVA infection described here.

Plasmids
Luciferase reporter plasmids (pNF-κB-luciferase reporter, and
pRL-TK control plasmids) are commercially available (Promega).
The coding sequence of SVA 3Cpro was fused with Flag-tag
(N-terminus fusion), chemically synthesized (GenScript), and
cloned into the pcDNA3.1 expression plasmid (pcDNA-Flag-3C).
Additionally, SVA 3Cpro was amplified from SVA strain SD15-26
by RT-PCR and cloned into the eukaryotic expression plasmid
pET28a as a His-tag fusion protein (pET28-SVA-3C). SVA strain
SD15-26 VP1 expressing plasmid (pcDNA-HA-VP1) was kindly
provided by Dr. Steve Lawson (Department of Veterinary and
Biomedical Sciences, South Dakota State University). Control
plasmid pCMV-Flag-BAP is commercially available (Sigma). The
plasmid pCMV-HA-NF-κB-p65 was constructed by standard
cloning techniques. Briefly, porcine NF-κB-p65 coding sequence
(GenBank NM_001114281) was PCR amplified from cDNA
prepared from swine testicle (ST) cells and cloned in fusion
with the HA epitope tag into the pCMV-HA-N expression
vector (Clontech). Sequence identity of the expression plasmids
generated here were confirmed by DNA sequencing.

Antibodies and Reagents
Antibodies against β-actin (clone C4), NF-κB-p65 (clone C-20;
C-terminus), NF-κB-p65 (clone F-6), and IκBα (clone H4) were
purchased from Santa Cruz Biotechnology. Antibodies against
NF-κB-p65 (clone C22B4; N-terminus), IKKα (clone3G12),
IKKβ (D30C6), cleaved caspase-3 (Asp175, clone 5A1E),
and PARP (clone 46D11) were obtained from Cell Signaling.
SVA VP1 and SVA VP2 mouse monoclonals and SVA whole
virus antibodies were kindly provided by Dr. Steve Lawson
(SDSU). Anti-Flag or anti-HA mouse monoclonal antibodies are
commercially available (GenScript and Thermo Scientific,
respectively). Anti-rabbit and/or anti-mouse secondary
antibodies conjugated with Alexa Fluor R© 594 and Alexa
Fluor 488 R© were purchased from Life Technologies. IRDye
800CW-labeled anti mouse IgG and IRDye 680-labeledRD
anti rabbit IgG secondary antibodies were purchased from
Li-Cor Biosciences. Recombinant TNF-α was obtained from
InvivoGen. Staurosporine was purchased from Cell Signaling
and Z-VAD-FMK was obtained from Santa Cruz Biotechnology.

SVA 3Cpro-Specific Rabbit
Antibody Production
SVA 3Cpro was expressed using a prokaryotic expression
system. SVA 3Cpro coding sequence (GenBank KX778101)
was PCR amplified from cDNA of SVA SD15-26 and
cloned into the bacterial expression plasmid pET-28a
(EMD Millipore/Novagen). The recombinant protein was
expressed in Escherichia coli strain BL-21 cells as a 6×His-
tag fusion protein and purified using nickel-charged agarose
resin (Qiagen) according to the manufacturer’s instructions.
Purified recombinant protein was used for polyclonal antibody
production in rabbits.

One adult 12-week old rabbit was kept in an individual cage
with food and water ad libitum throughout the study. The animal
was immunized with 660 ng of SVA 3Cpro emulsified in water-
in-oil (W/O) adjuvant (1:1; 1 mL:1mL; MontanideTM ISA 50
V2, Seppic). The antigen was administered by three 0.5mL
subcutaneous injections and one 0.5mL intramuscular injection.
Two weeks post-primary immunization the animal received a
booster immunization as above. Two weeks after the booster
immunization the rabbit was euthanized and exsanguinated, and
polyclonal serum containing SVA 3Cpro-specific antibodies was
isolated by centrifugation (at 2,000 × g for 15min at 4◦C). All
animal procedures and protocols for antibody production were
reviewed and approved by the South Dakota State University
Institutional Animal Care and Use Committee (IACUC) under
approval number 15-095A.

Terminal
Deoxynucleotidyltransferase-Mediated
dUTP-Biotin Nick-End Labeling (TUNEL)
Primary STu cells were cultured on glass cover slips and infected
with SVA (MOI = 5) or mock-infected and then fixed at
12 h p.i. with 3.7% formaldehyde in PBS (pH 7.2) for 20min.
Positive control cells were treated with 0.1µM staurosporine
for 4 h and then fixed as above. Additionally, formaline-fixed
paraffin-embedded (FFPE) tissue sections from a previous SVA
pathogenesis experiment conducted in our laboratory (40) were
subjected to TUNEL. Cell cultures or tissue samples were
permeabilized and stained with an in situ cell death detection kit
(TUNEL, Abcam) according to the manufacturer’s instructions.

Histopathology
Formalin-fixed paraffin-embedded tissue sections (skin) from
a previous SVA animal experiment were processed following
standard histological procedures and stained with hematoxylin
and eosin for histological examination. All animal procedures
and protocols were reviewed and approved by the SDSU IACUC
under approval number 16-002A.

In situ Hybridization
Formalin-fixed paraffin-embedded tissue sections (skin) were
used to perform in situ hybridization (RNAScope R©). ISH probe
utilized was specific for the viral genome SVV (301-1345 region
of VP1 gene, GenBank: EU271758.1, Advanced Cell Diagnostics,
Inc.). The ISH was performed as previous described (72).

Flow Cytometry
Activation of caspase 3 and 7 (Casp-3/-7) was assessed by flow
cytometry during SVA infection. Semi-confluent STu or H1299
cells were cultured in 12-well plates and infected with SVA (MOI
= 5). At 2, 4, 5, 6, 7, 8, and 10 h p.i. the supernatant was
removed and the cells trypsinized to dissociate the monolayer.
Mock-infected cells and mock-infected cells treated with 0.3µM
staurosporine were used as negative and positive controls,
respectively. After trypsinization, cells and supernatant were
mixed and centrifuged at 1,500 × g for 5min at 4◦C. Activation
of Casp-3/-7 was assessed using the CellEventTM Caspase-3/7
Green Flow Cytometry Assay kit (Thermo Fisher Scientific)
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according to manufacturer’s protocol. The flow cytometry data
were acquired with an Attune NxT flow cytometer (Thermo
Fisher Scientific) and analyzed using FlowJo software (TreeStar).

To investigate activation of Casp-3/-7 in the context of NF-κB-
p65 expression and SVA infection, STu cells were transfected with
1 µg of pCMV-HA-NF-κB-p65 or empty pCMV-HA plasmids
(control) using Lipofectamine 3000 (Life Technologies) and
subsequently infected with SVA (MOI = 5). Cells were collected
at 4, 7, 8, and 10 h p.i. and processed for flow cytometry
assessment of Casp-3/-7 activation as described above.

Growth Curve
SVA growth curves were performed in STu and H1299 cells. Cells
were cultured in 12-well plates, inoculated with SVA (MOI =
5) and harvested at 2, 4, 8, 12, and 24 h p.i. Virus titers were
determined on each time by limiting dilutions in H1299 cells.
At 48 h p.i. cells were fixed (3.7% formaldehyde), permeabilized
(0.2% Triton-X), and stained with an anti-SVA whole virus
rabbit polyclonal antibody. Viral titers were determined by the
Spearman and Karber’s method (73) and expressed as tissue
culture infectious dose 50 (TCID50) per milliliter.

The effect of NF-κB pathway activation during SVA
replication was assessed by overexpression of NF-κB-p65 in STu
cells. For this, semi-confluent STu cells were plated in 12-well
plates and transfected with 1 µg of pCMV-HA-NF-κB-p65 or
empty pCMV-HA (control) per well using Lipofectamine 3000
(Life Technologies) as recommended by the manufacturer. At
24 h post-transfection, cells were infected with SVA (MOI= 0.1).
After 1 h adsorption, the inoculum was removed and fresh media
was added. The cells were harvested at 2, 4, 8, 12, and 24 h p.i. and
virus titers determined as described above.

To assess the role of apoptosis on SVA infection cycle,
multiple-step growth curves were performed in STu or H1299
cells. Cells were plated in 12-well plates and infected with SVA
(MOI = 0.1). After 1 h adsorption, fresh media containing
30µg/mL of Z-VAD-FMK, a pan-caspase inhibitor was added
to the cells. Plain media was added to untreated control wells.
Cells and supernatant were collected separately at 2, 4, 8, 12, and
24 h p.i. and subjected to virus titration. Additionally, the effect
of apoptosis on SVA infection was assessed in STu cells infected
with a highMOI. For this, cells were infected with SVA at anMOI
= 5 and cells and supernatant collected separately at 8 h p.i. and
subjected to virus titrations.

RNA Extraction and Quantitative
Reverse-Transcription-PCR (RT-qPCR)
To determine transcription levels of NF-κB target genes during
SVA infection we performed RT-qPCR. STu cells cultured in
6-well plates were infected with SVA (MOI = 5), collected at
2, 4, 8, and 12 h p.i., and cellular RNA extracted using TRIzol
reagent (Invitrogen) according to manufacturer’s protocol. RNA
samples were treated with DNase (Ambion) and further cleaned
using the RNeasy R© Mini kit (QIAGEN). Mock infected cells
were used as a negative control. Transcription levels of TNF-
α, Caspase 8, FADD, BAX, BAK, BCL-2, XIAP, CXCL8, PTGS2,
IRF1, and NF-κBIA genes were determined using RT-qPCR
and TaqMan gene expression assays (Thermo Scientific). The

housekeeping gene glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as loading control. RT-qPCR reactions
were performed using the RNA-to-CtTM 1 Step-kit and TaqMan
assays for each target gene. The amplification/detection reactions
were performed in a 7500 Real Time PCR System (Applied
Biosystems). Transcription of target gene was normalized to
that of GAPDH and genome copy numbers were determined
using the relative quantitation method. Data were analyzed and
expressed as fold changes normalized to levels of RNA detected
in mock infected cells.

Indirect Immunofluorescence (IFA)
Expression and activation of NF-κB-p65 was assessed during
early stages of SVA infection by IFA. STu cells cultured in 24-wells
plates were infected with SVA (MOI= 5). At 0, 2, and 4 h p.i. cells
were fixed using 3.7% formaldehyde in PBS (pH 7.2) for 20min.
The cells were washed three times with PBS and permeabilized
with 0.2% Triton X-100 in PBS for 10min at room temperature
(RT). Plates were incubated for 1 h at RTwith an antibody specific
for the C-terminus-NF-κB-p65 (1:250 in PBS/1% BSA) and for
SVA (1:250 in PBS/1% BSA). After primary antibody incubation,
cells were washed as above and incubated for 1 h at RT with
appropriate secondary antibodies conjugated with Alexa Fluor
594 and/or 488 (1:250 in PBS/1% BSA). Cells were washed three
times with PBS and nuclear stain was performed with DAPI
(Thermo Scientific). Cells were visualized using a fluorescence
microscope (Olympus CKX53, 40×magnification).

Expression and activation of NF-κB-p65 was also assessed
during late stages of SVA infection by IFA. STu cells cultured in
24-well plates were infected with SVA (MOI = 1). At 7 and 8 h
p.i. cells were fixed and IFA was performed as described above.

The effect of SVA 3Cpro on expression of NF-κB-p65 was
assessed by IFA. H1299 cells were transfected with pcDNA-
Flag-3C (100 µg) expression plasmid and subjected to IFA
staining. C-terminus-NF-κB-p65 (1:250 in PBS/1% BSA) and
Flag-Tag-specific antibodies (1:250 in PBS/1% BSA) were used
as primary antibodies. All IFA steps were performed as
described above.

Western Blots
The effect of SVA on apoptosis and NF-κB signaling pathway
was investigated by western blots. Semi-confluent monolayers of
STu cells cultured in 6-well plates were infected with SVA (MOI
= 10) and harvested at 0.5, 1, 2, 3, 4, 8, and 12 h p.i. Mock-
infected cells were used as negative controls. This experiment was
also performed in H1299 cells, with samples collected at 4, 8, 12,
and 24 h p.i. Mock-infected cells unstimulated or stimulated with
100 ng/mL of TNF-α were used as negative and positive controls,
respectively. Cells were lysed withM-PERmammalian extraction
reagent (Thermo Scientific) containing protease inhibitors (RPI).
One hundred microgram whole cell protein extracts was resolved
by SDS-PAGE in 10% acrylamide gels and transferred to
nitrocellulose membranes. Blots were incubated with 5% non-
fat dry milk in PBS overnight at 4◦C and then probed with
the antibodies indicated in the Figures, followed by incubation
with appropriate Dye-light fluorescent conjugate secondary
antibodies. The membranes were scanned with the Odyssey
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infrared imaging system (Li-Cor). Densitometric analysis was
performed using ImageJ R© with expression levels of selected
target proteins being normalized to those of the housekeeping
gene β-actin.

The effect of SVA 3Cpro on apoptotic pathways was assessed
under transient expression experiments. H1299 cells cultured
in 6-wells plates were transfected with 2 µg of pcDNA-Flag-
3C and harvested at 18 h post-transfection. Positive control
cells were stimulated with TNF-α (100 ng/mL) for 1 h. In the
experiments with catalytic dead mutants of SVA 3Cpro, H1299
cells were transfected with 2µg of pcDNA-Flag-3C, pcDNA-Flag-
3C(H47D), or pcDNA-Flag-3C(C159R) and harvested 18 h post-
transfection. Protein extracts and western blots were performed
as described above.

To assess the expression of SVA 3Cpro during viral replication
and its relationship with the cleavage of NF-κB-p65 and
apoptosis, STu cells were infected with SVA (MOI = 10) and
collected the total protein extract at 2, 4, 5, 6, 7, 8, and 12 h p.i.
Western blot was performed as above, and the blots were probed
with antibodies indicated in the Figures.

To determine the cleavage site of NF-κB-p65, semi-confluent
H1299 cells were cultured in 6-well plates and co-transfected
with an empty plasmid (negative control) or pcDNA-Flag-3C
(2 µg/well) and either pCMV-HA-NF-κB-p65, pCMV-HA-
NF-κB-p65(478R/479D), pCMV-HA-NF-κB-p65(482R/483D),
pCMV-HA-NF-κB-p65(478R-483D), pCMV-HA-NF-κB-
p65(444L-450R), pCMV-HA-NF-κB-p65(464V-467E),
pCMV-HA-NF-κB-p65(444L-450R 478R-483D), or pCMV-
HA-NF-κB-p65(464V-467E 478R-483D) (1 µg of each). Cells
were harvested at 18 h post-transfection and protein extracts and
western blots performed as described above. Antibodies used are
indicated in Figures 8B–D.

To investigate if caspases or SVA 3Cpro were responsible for
NF-κB-p65 cleavage, semi-confluent H1299 cells were cultured in
6-well plates and co-transfected with an empty plasmid (negative
control) or pcDNA-Flag-3C (1 µg/well) and pCMV-HA-NF-
κB-p65 (2 µg/well). At 3 h post-transfection, fresh media was
added to negative controls and fresh media containing or not
150µg/mL of Z-VAD-FMK was added to the cells transfected
with pcDNA-Flag-3C and pCMV-HA-NF-κB-p65. Cells were
harvested at 18 h post-transfection and protein extracts and
western blots performed as described above. Antibodies used are
indicated in Figure 8E.

Luciferase Reporter Assays
The effect of SVA on NF-κB-mediated transcription was
investigated by luciferase reporter assays. To detect the ability
of SVA to inhibit NF-κB activation, semi-confluent H1299 cells
cultured in 24-well plates were co-transfected with the NF-
κB-luciferase reporter plasmid (315 ng/well) and the control
plasmid pRL-TK (35 ng/well) using Lipofectamine 3000 (Life
Technologies) and infected with SVA (MOI = 5). SVA-infected
cells were stimulated or not with TNF-α (100 ng/mL) at 2, 4,
8, or 12 h p.i. and incubated for 12 h post-TNF-α stimulation.
Mock-infected cells were also stimulated with TNF-α for 12 h.
The dual-luciferase reporter system (Promega) was used to
determine the luciferase activity in each treatment condition

following the manufacturer’s instructions. Firefly luciferase
activity was normalized to renilla luciferase activity and fold-
changes calculated based on the levels of luciferase detected in
mock-infected/non-stimulated cells.

The effect of SVA 3Cpro on NF-κB-mediated transcription
was investigated by luciferase assays. H1299 cells were co-
transfected with pNF-κB-luciferase reporter plasmid (315
ng/well), pRL-TK (35 ng), and either pcDNA-Flag-3C (550
ng/well), or control plasmids pCMV-Flag-BAP (550 ng/well)
or pcDNA-HA-VP1 (550 ng/well). At 14 h post-transfection
cells were stimulated with TNF-α, harvested at 12 h post-TNF-
α-stimulation and the luciferase activity was determined as
described above.

To assess whether the proteolytic activity of 3Cpro is required
for its effect on NF-κB-mediated transcription, H1299 cells
were co-transfected with pNF-κB-luciferase reporter plasmid
(315 ng/well), pRL-TK (35 ng), and either pcDNA-Flag-3C (550
ng/well), pcDNA-Flag-3C(H47D) (550 ng/well), or pcDNA-Flag-
3C(C159R) (550 ng/well) expression plasmids. At 14 h post-
transfection, cells were stimulated with TNF-α, harvested at
12 h post-TNF-α-stimulation and the luciferase activity was
determined as described above.

Site-Direct Mutagenesis
Mutations in the catalytic triad of SVA 3Cpro and in the
porcine NF-κB-p65 were introduced in the SVA 3Cpro- and
NF-κB-p65-encoding plasmids using the Q5 R© Site-Directed
Mutagenesis Kit (New England BioLabs R© Inc.) according
to the manufacturer’s instructions. Site directed mutagenesis
primers containing nucleotide substitutions targeting amino
acids H47 and C159 leading to substitutions of H to D, or
C to R on SVA 3Cpro were designed and used with the site-
direct mutagenesis protocol to generate the mutant plasmids
pcDNA-Flag-3C(H47D) and pcDNA-Flag-3C(C159R). NF-
κB-p65-specific primers containing nucleotide substitutions
targeting the putative SVA 3Cpro cleavage sites individually
(478QL and 482QG) or simultaneously 478QLLNQG were
designed and used with the site-direct mutagenesis protocol,
resulting in plasmids pCMV-HA-NF-κB-p65(478R/479D),
pCMV-HA-NF-κB-p65(482R/483D), and pCMV-HA-NF-κB-
p65(478R-483D), respectively. Primers containing nucleotide
substitutions targeting putative caspase cleavage sites in NF-
κB-p65 coding sequence (444LQFDTDED and 464VFTD)
were designed and used with site directed mutagenesis kit,
resulting in plasmids pCMV-HA-NF-κB-p65(444L-450R)
and pCMV-HA-NF-κB-p65(464V-467E). Double caspase
and SVA 3Cpro cleavage site-mutants were also generated,
resulting in plasmids pCMV-HA-NF-κB-p65(444L-450R 478R-
483D) and pCMV-HA-NF-κB-p65(464V-467E 478R-483D).
The sequences of each NF-κB-p65 mutant are indicated in
Figure 8E. Correct nucleotide substitutions were confirmed by
DNA sequencing.

Three-Dimensional Protein
Structure Prediction
The SVA 3Cpro template-based protein structure modeling was
performed using RaptorX web server (74). The best template
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for SVA 3Cpro was the 2wv4A [Foot-and-Mouth disease virus
3C, p-value 1.48e-09 (75)]. SVA 3Cpro structure prediction was
designed using the PyMOL Molecular Graphics System, version
2.0 Schrödinger, LLC.

Plaque Assay
Confluent primary STu cells cultured in 6-well plates were
infected with serial 10-fold dilutions of SVA (titer 107.88).
After 1 h adsorption, the inoculum was removed and fresh
1%-agarose media containing or not 50µg/mL of Z-VAD-
FMK was used to overlay the cells. The agarose overlay
was removed and cells were fixed at 24 h p.i. with 3.7%
formaldehyde in PBS (pH 7.2) for 20min. The cells were stained
with 1% Crystal Violet solution for 20min and washed four
times with PBS. The area in mm2 of each viral plaque was
calculated using ImageJ R©.

Statistical Analysis
The average of three independent experiments is presented where
appropriate. Error bars represent standard error of the mean
(±SEM). Statistical significance of the data was assessed using
the Students’ t-test, Mann-Whitney U-test or Sidak’s multiple
comparisons test. The level of statistical significance was defined
as p < 0.05.

RESULTS

SVA Infection Induces Apoptosis in vitro

and in vivo
Replication of SVA in primary STu cells induces cytopathic effect
(CPE) characterized by cell rounding and plasma membrane
blebbing (Figure 1A). Therefore, induction of apoptosis was
investigated during SVA infection. Initially, TUNEL was

performed in SVA-infected cells to detect exposed 3
′
-OH ends

of DNA fragments, which are generated in response to apoptotic
signals. As shown in Figure 1B, apoptotic nuclei were detected in
SVA-infected cells and cells treated with staurosporine (a potent
inducer of apoptosis) (arrows), suggesting induction of apoptosis
during SVA infection.

To assess whether apoptosis occurs during viral infection
in the swine host in vivo, paraffin-embedded skin sections
collected from SVA-infected pigs on day 7 post-infection (p.i.),
were subjected to TUNEL. Skin sections were obtained from
characteristic SVA vesicular lesions (Figure 1C). Sequential
skin sections were subjected to H&E staining, ISH to detect
SVA RNA and TUNEL to detected apoptosis. As shown in
Figure 1D, strong brown staining indicating the presence of
apoptotic cells was detected by TUNEL (Figure 1D, middle
panels), in an area that presented histological changes caused
by SVA replication in the dermis and epidermis (Figure 1D,
left panels), and that coincided with the ISH staining for SVA
RNA (Figure 1D, right panels).

Since Casp-3/-7 are the main executioners of apoptosis, and
are responsible for the proteolytic cleavage of many cellular
proteins during cell death (57), we assessed their activation
during SVA infection by flow cytometry. SVA induced activation
of Casp-3/-7 from 7 h p.i. onward in STu cells, with an increasing

number of cells containing active caspases detected until 10 h p.i.
(Figures 2A,B). Notably, the frequency of live cells with active
Casp-3/-7 representing cells in early stages of apoptosis were∼4-
fold higher at 8 h p.i. (25.56%; p< 0.05) than those detected at 7 h
p.i. (6.29%, when compared to mock-infected cells) (Figure 2B).
Interestingly, at 10 h p.i., the percentage of active Casp-3/-7
detected in Sytox-green positive cells, indicating late stages of
apoptosis, reached 46.23% (p < 0.01 when compared to mock-
infected cells). A significant increase in the frequency of cells
presenting active Casp-3/-7 was also detected at 8–10 h p.i.
(7.6–14.2%, p < 0.01 when compared to mock-infected cells)
in SVA-infected H1299 cells (Figure 2C). Similar to the results
in STu cells, the frequency of late-stage apoptotic cells (Casp-
3/7 and Sytox positive cells) was markedly increased at 10 h
p.i. in H1299 cells. These results demonstrate that Casp-3/-
7 are activated between 7 and 10 h post-SVA infection, which
corresponds to the time in which the virus completes one
round/cycle of replication (Figure 2D). Together these results
demonstrate that SVA infection induces apoptosis late during
infection in vitro and in skin lesions in the natural swine
host in vivo.

SVA Infection Modulates Expression of
Pro-Inflammatory and Apoptosis
Related Genes
NF-κB is one of the major players modulating host cell apoptosis
and pro-inflammatory responses (76, 77). Thus, we assessed
transcription of NF-κB-regulated genes during SVA infection.
For this, STu cells were mock-infected or infected with SVA
(MOI = 5) and total RNA was extracted during infection (2,
4, 8, and 12 h). As shown in Figures 3A–F, all pro- (Casp-
8, FADD, BAX, and BAK) or anti-apoptotic (BCL-2 and
XIAP) genes tested were down regulated at early time points
post-SVA infection (2–4 h p.i.) (p < 0.05 when compared to
mock-infected cells). Additionally, the pro-inflammatory NF-κB-
regulated genes, including CXCL8, PTGS2, IRF1, NF-κBIA, and
TNF-α were up-regulated during SVA infection (4–12 or 8–12 h
p.i.) (Figures 3G–K). These results suggest modulation of NF-
κB-regulated gene expression during SVA infection in primary
STu cells.

Effect of SVA Infection on the NF-κB
Signaling Pathway
Given the transcriptional changes and modulation of apoptotic
pathway observed in SVA infected cells (Figures 2 and 3),
we investigated activation of NF-κB signaling during SVA
infection. Since NF-κB-p65 is one of the key NF-κB subunits,
that is directly responsible for the transactivation of NF-κB
target genes (78), expression and activation of NF-κB-p65
were assessed in SVA infected cells using IFA. As shown in
Figure 4, at ∼2 h p.i. NF-κB-p65 translocated to the nucleus
of cells, indicating activation of the NF-κB pathway following
SVA infection.

Interestingly, at later times p.i. (7–8 h p.i.) on a low MOI
experiment, many of the SVA-infected cells presented a marked
decrease in expression of NF-κB-p65 (Figure 5A), suggesting
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FIGURE 1 | SVA induces apoptosis in vitro and in vivo (A) Cytopathic effect (CPE) caused by SVA in cell culture. Mock-infected (left panel) or SVA-infected (MOI = 5,

right panel) primary swine turbinate (STu) cells. 40× magnification. (B) TUNEL staining of mock-infected- (left panel), staurosporine-treated- (middle panel) and SVA

infected (right panel, MOI = 5) STu cells. 40× magnification. The black arrows indicate apoptotic cells. (C,D) Apoptosis occurs during SVA infection in the swine host

in vivo. Sequential paraffin-embedded skin lesions collected from SVA-infected pigs on day 7 post-infection (C) were subjected to hematoxylin and eosin staining (D,

left panels), TUNEL (D, middle panels), and in situ hybridization for detection of SVA RNA (RNAScope®) (D, right panels). 4× (top panels) and 40× (bottom panels)

magnifications. Areas highlighted in the top panels are represented in the bottom higher magnification images.

potential degradation or cleavage of the C-terminus region of
this transcription factor. To assess whether the decreased levels
of NF-κB-p65 observed in SVA-infected cells at late times p.i.
occurred due to degradation or cleavage of the C-terminus of
themolecule, expression of NF-κB-p65 was evaluated throughout
the virus infection cycle using western blots. As shown in

Figure 5B, similar levels of N- and C-terminus NF-κB-p65 were
detected in SVA infected cells up to 4 h p.i., when compared
to control mock-infected cells. At 8 h p.i., a marked decrease
in the levels of NF-κB-p65 (∼70% compared to the average
of mock cells) was observed in SVA-infected cells (p < 0.05;
Figure 5B). Notably, accumulation of a cleaved product of ∼50
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FIGURE 2 | Activation of caspases 3/7 (Casp-3/-7) during SVA infection. (A) Gating strategy used to determine percent of cells with active Caspase-3/7 and stained

with Sytox-green during SVA infection. Caspase activation was determined using the CellEventTM Caspase-3/7 Green Flow Cytometry Assay kit. (B,C) Caspase-3/7

activation in STu or H1299-infected cells (MOI = 5) negative (left panel) or positively (right panel) stained with Sytox-green, representing live cells (early apoptotic cells),

or dead cells (late apoptotic cells). The flow cytometry data were acquired with an Attune NxT flow cytometer and analyzed using FlowJo software. The results

represent the average of three independent experiments in STu (B) or H1299 (C) cells. Error bars represent SEM calculated based on the results of the independent

experiments; **p < 0.05 and ***p < 0.01, compared to mock-infected cells. (D) Single-step growth curves of SVA (MOI = 5) in STu or H1299 cells. Cells were

collected at indicated time points and virus titers expressed as log10 tissue culture infections dose 50 (TCID50) per milliliter. The results represent the average of three

independent experiments. Error bars represent SEM.

kDa, corresponding to N-terminus of NF-κB-p65 was detected
at 8–12 h p.i. (Figure 5B). Similar results were observed in the
human carcinoma cell line H1299 (Figure 5C).

NF-κB transcriptional activity was assessed during SVA
infection using an NF-κB-luciferase reporter assay. A
significant decrease in TNF-α-induced NF-κB-mediated
luciferase activity was observed between 8 and 12 h post-SVA

infection (Figure 5D). Collectively, these results demonstrate
a fine modulation of NF-κB pathway during SVA infection.
While early during infection the NF-κB pathway is activated,
at later times p.i., SVA infection induces cleavage of NF-
κB-p65, which results, in lower transcriptional activity
of this important modulator of host cell inflammation
and survival.
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FIGURE 3 | Expression levels of select NF-κB target genes during SVA infection. Expression of pro-apoptotic (Caspase 8, FADD, BAX, and BAK), anti-apoptotic

(BCL-2 and XIAP) and pro-inflammatory (CXCL8, PTGS2, IRF1, NFκBIA, and TNF-α) genes were assessed by RT-qPCR at different time points post-SVA infection in

primary swine turbinate (STu) cells (2, 4, 8, and 12 h; MOI = 5). Expression levels of Caspase 8 (A), FADD (B), BAX (C), BAK(D), BCL-2 (E), XIAP (F), CXCL8 (G),

PTGS2 (H), IRF1 (I), NFκBIA (J), and TNF-α (K) were normalized to that of Glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Mock-infected cells were used as

negative control. The results were expressed as relative fold changes in mRNA levels compared to mock-infected cells. The results represent the average of three

biological replicates. Error bars represent SEM, **p < 0.05 and ***p < 0.01, compared to mock-infected cells.

Expression of SVA 3Cpro Is Associated
With Apoptosis and Cleavage of NF-κB-p65
Next we sought to dissect the mechanisms underlying SVA-
induced host-cell apoptosis and its link with cleavage of NF-
κB-p65. First, we assessed the potential role of SVA non-
structural protein 3Cpro, the main protease encoded by the
virus (1), on apoptosis and cleavage of NF-κB-p65 using
western blots. Expression of IKKα, IKKβ, IκBα, and NF-
κB-p65 were investigated. Additionally, cleavage of PARP, a
hallmark of host cell apoptosis (79), was also assessed in
3Cpro expressing cells. While expression of 3Cpro did not
affect expression levels of the upstream NF-κB kinases (IKKα,

IKKβ) (Figure 6A), a marked decrease in the levels of IκB-
α and NF-κB-p65 were observed in 3Cpro expressing cells
(Figure 6A). Accumulation of the cleaved 50 kDa-NF-κB
product, observed in SVA-infected cells (Figures 5B,C), was
also detected in 3Cpro expressing cells, when protein extracts
were probed with the antibody against N-terminus NF-κB-p65
(Figure 6A). IFA experiments using an antibody specific for the
C-terminus region of NF-κB-p65 confirmed decreased levels of
C-terminus NF-κB-p65 in 3Cpro expressing cells (Figure 6C).
Similar results were observed in primary STu cells (data not
shown). Importantly, expression of SVA 3Cpro also resulted
in cleavage of PARP (Figure 6A), suggesting that the viral
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FIGURE 4 | Effect of SVA on expression of NF-κB-p65 in STu cells in early stages of infection. Primary swine turbinate (STu) cells were infected with SVA (MOI = 5)

and stained with a SVA VP2 monoclonal antibody (middle panel; green—Alexa fluor 488) and a rabbit polyclonal antibody specific for C-terminus of NF-κB-p65 (left

panel; red—Alexa fluor 594). The cell nuclei were stained with DAPI (right panel; blue). 40× magnification.

protease induces apoptosis when expressed outside the context of
SVA infection.

The effect of SVA 3Cpro expression on cleavage of NF-κB-
p65 and activation of apoptotic pathways in the context of
SVA infection were investigated by western blots. Expression of
SVA 3Cpro was first detected using a SVA 3Cpro-specific rabbit
polyclonal antibody at 5 h p.i., with increasing levels of the
protein being detected up to 12 h p.i. (Figure 6B). Decreased
levels of C-terminus NF-κB-p65 were observed after 7 h post-
SVA infection (0.88) (Figure 6B). In addition, accumulation of
the cleaved 50 kDa-NF-κB product was observed at 8 h p.i.
(Figure 6B). Notably, a decrease in the levels of the full-length
PARP was evident after 5 h p.i., with a cleaved product of the
protein accumulating in infected cells after 8 h p.i. (Figure 6B).
Detection of cleaved Casp-3 at 8–12 h p.i. confirmed induction of
apoptosis late during SVA infection (Figure 6B).

The effect of 3Cpro expression on the transcriptional activity
of NF-κB was investigated using a luciferase reporter assay.
Expression of SVA 3Cpro in H1299 cells completely suppressed
TNF-α-induced NF-κB-luciferase activity (Figure 6D) as
evidenced by significantly decreased luciferase activity in SVA
3Cpro-expressing cells (∼2.2-fold, p < 0.05) when compared
to cells expressing either VP1- or BAP-control proteins
(Figure 6D). These results indicate that expression of SVA 3Cpro

results in reduced NF-κB-mediated transcription following
stimulation of cells with TNF-α. Collectively, these findings
suggest that expression of SVA 3Cpro could be associated with
cleavage of NF-κB-p65 and induction of apoptosis in SVA
infected cells.

The Protease Activity of 3Cpro Is Required
for Induction of Apoptosis and Cleavage
of NF-κB-p65
To assess whether the protease activity of SVA 3Cpro contributes

to induction of apoptosis and/or cleavage of NF-κB-p65, we
constructed two plasmids encoding for mutants of SVA 3Cpro.
The picornavirus 3Cpro contains a conserved catalytic triad (His,

Asp, Cys) that is required for its protease activity (4, 80). To

disrupt the catalytic triad and, consequently, the proteolytic

activity of SVA 3Cpro we introduced a mutation at His 47 (H47D)
or Cys 159 (C159R) using site-directed mutagenesis (Figure 7A).

The effect of these mutations on apoptosis and cleavage of NF-

κB-p65 were investigated in 3Cpro-expressing cells. H1299 cells

were transfected with plasmids encoding the wild type or each
of the 3Cpro mutants (H47D or C159R) and total protein extracts
were subjected to western blot analysis. Notably, while expression

of the wild type SVA 3Cpro resulted in activation of Casp-3 and

cleavage of NF-κB-p65, expression of the 3Cpro catalytic dead

mutants H47D or C159R did not lead to Casp-3 activation nor
NF-κB-p65 cleavage (Figure 7B).

The effect of SVA 3Cpro protease activity on NF-κB-mediated
gene transcription was investigated using luciferase reporter
assays. Notably, while expression of the wild type SVA 3Cpro

markedly inhibited TNF-α-induced NF-κB-mediated luciferase
activity (p > 0.05), expression of the 3Cpro mutants (H47D
and C159R) did not inhibit TNF-α-induced NF-κB-mediated
luciferase activity (Figure 7C). These results suggest that the
protease activity of SVA 3Cpro may be the trigger that leads to
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FIGURE 5 | NF-κB-p65 is cleaved during SVA infection. (A) Immunofluorescence of primary swine turbinate (STu) cells infected with SVA (MOI = 1) and stained with a

monoclonal antibody specific for SVA VP2 (middle panel; green—Alexa fluor 488) and a rabbit polyclonal antibody specific for C-terminus of NF-κB-p65 (left panel;

red—Alexa fluor 594). The cell nuclei were stained with DAPI (right panel; blue). 40× magnification. The white arrows indicate the cells infected with SVA. (B,C)

Western blot analysis of primary STu or H1299 showing cleavage of NF-κB-p65 during SVA infection. Total protein extracts were analyzed by western blot using

antibodies specific to N-terminus NF-κB-p65, C-terminus NF-κB-p65, SVA VP1, or β-actin. Densitometric analysis was performed to quantify the levels of C-terminus

NF-κB-p65. The densitometry of C-terminus NF-κB-p65 bands were normalized to the β-actin control and expressed as relative densitometry to mock infected

control cell (numbers on top of NF-κB-p65 blot; *p < 0.05; compared to mock-infected cells). The results are representative of four independent experiments.

(D) Luciferase reporter assays in H1299 cells during SVA infection. Cells were infected and stimulated with TNF-α at the indicated time points. Firefly luciferase activity

was determined at 12 h post-TNF-α stimulation and normalized to the renilla luciferase activities. The results were expressed as relative fold changes in luciferase

activity (**p < 0.05 and ***p < 0.01, compared to mock-infected TNF-α-stimulated cells). Error bars represent SEM calculated based on the results of the three

independent experiments.
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FIGURE 6 | Expression of SVA 3Cpro is associated with apoptosis and cleavage of NF-κB-p65. (A) Western blot analysis of H1299 cells transiently expressing SVA

3Cpro demonstrating cleavage of NF-κB-p65 and PARP. Non-transfected cells were stimulated or not with TNF-α for 1 h, and used as negative and positive controls,

respectively. Total protein extracts were analyzed by western blots using antibodies indicated on the left. The results are representative of three independent

experiments. (B) Western blot analysis of STu cells demonstrating cleavage of NF-κB-p65 and PARP during SVA infection. Total protein extracts were analyzed using

antibodies indicated on the left. Densitometric analysis was performed to quantify the levels of C-terminus NF-κB-p65. The densitometry of C-terminus NF-κB-p65

bands were normalized to the β-actin control and expressed as relative densitometry to mock infected control cells. (C) Immunofluorescence staining showing

decreased levels of NF-κB-p65 in in SVA 3Cpro expressing H1299 cells. Flag-tag antibody (red—Alexa fluor 594) and rabbit polyclonal antibodies specific for

C-terminus NF-κB-p65 (green—Alexa fluor 488). The cell nuclei were stained with DAPI (blue). 40× magnification. The white arrows indicate the cells expressing

(Continued)
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FIGURE 6 | SVA 3Cpro (red). (D) Luciferase reporter assays in H1299 cells expressing SVA 3Cpro. At 14 h post-transfection of luciferase and 3Cpro expressing

plasmids, cells were stimulated with TNF-α for 12 h (TNFα+) or left unstimulated (TNF α-). Luciferase activity was determined, and firefly luciferase activity normalized

to renilla luciferase activity. The results were expressed as relative fold changes in luciferase activity (**p < 0.05; ***p < 0.01; compared Flag-BAP and HA-VP1

expressing cells). Data shown represent the average of five independent experiments. Error bars represent SEM calculated based on the results of the independent

experiments. Western blot showing expression of BAP, SVA 3Cpro, and VP1 in samples examined by luciferase assays (bottom panel).

FIGURE 7 | The protease activity of 3Cpro is required for induction of apoptosis. (A) Three-dimensional protein structure prediction. The wild type SVA 3Cpro and the

3Cpro mutants (H47D and C159R) template-based protein structure models were determined using RaptorX web server (63). Red dots represent the aa present in the

catalytic triad (H47, D83, and C159), or the point mutations H47D or C159R introduced in SVA 3Cpro. (B) Western blot analysis of H1299- cells expressing SVA

3Cpro showing that mutations in the catalytic triad of the protease impairs its pro-apoptotic function. Protein extracts were analyzed by western blot using antibodies

specific for N-terminus NF-κB-p65, cleaved Caspase 3, Flag-tag, and β-actin as loading protein control. The results are representative of three independent

experiments. (C) Luciferase assay showing that SVA 3Cpro catalytic triad is important for its inhibitory effect on NF-κB-p65 transcriptional activity. H1299 cells were

transfected with NF-κB-luciferase reporter plasmids and either wild type or mutant 3C-expressing plasmids. At 12 h post-transfection cells were stimulated with

TNF-α for 12 h, and luciferase activity determined. Firefly luciferase activity was normalized to the renilla luciferase activity. The results were expressed as relative fold

changes in luciferase activity (**p < 0.05 and ***p < 0.01, compared to BAP-expressing cells treated with TNF-α). Results shown represent the average of five

independent experiments. Error bars represent SEM. Western blots showing expression of BAP, wild type 3Cpro, 3C H47D, and 3C C159R in samples examined by

luciferase assays (bottom panel).

host cell apoptosis and potentially to cleavage of NF-κB-p65 in
host cells.

Assessing the Mechanism of
NF-κB-p65 Cleavage
To dissect whether cleavage of NF-κB-p65 is directly mediated
by SVA 3Cpro or whether it is secondary to caspase activation
following 3Cpro expression, we generated a panel of plasmids
encodingNF-κB-p65 proteins containingmutations on predicted
cleavage sites for Casp-3/-6 (81) and/or for the SVA 3Cpro

(Figure 8A). Two cleavage sites for 3Cpro (Q/L or Q/G,
478QL, and 482QG) (Figure 8A) and two cleavage sites for
caspases (444LQFDTDED and 464VFTD) were identified in

the transactivation domain (TAD) of NF-κB-p65 (Figure 8A).
These predicted cleavage sites were mutated using site directed
mutagenesis and resultant plasmids used in transient expression
experiments. (Figure 8A). Cleavage of NF-κB-p65 was evaluated
after transient co-expression of wild type- or mutant NF-κB-
p65 proteins and the SVA 3Cpro by western blots. As shown in
Figure 8B, all NF-κB-p65 constructs withmutations on predicted
cleavage sites for SVA 3Cpro were cleaved when co-expressed
with the viral protease. Notably, when the NF-κB-p65 containing
mutations in the predicted cleavage sites for cellular caspases
(444L-450R and 464V-467E) were co-expressed with 3Cpro,
NF-κB-p65 464-467E mutant was cleaved, while no cleavage
of NF-κB-p65 444L-450R mutant was observed (Figure 8C).
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This phenotype was confirmed in double NF-κB-p65 mutants,
containing 3Cpro- and Casp-cleavage site mutations. As shown in
Figure 8D, when the mutation 444L-450R in the caspase cleavage
site was introduced in NF-κB-p65 containing a mutation on the
3Cpro cleavage site (478R-483D), NF-κB-p65 was not cleaved
(Figure 8D). Additionally, inhibition of caspases by incubation
of cells with Z-VAD-FMK (a pan caspase inhibitor) prevented
cleavage of NF-κB-p65 in cells expressing 3Cpro (Figure 8E).
Together, these results show that NF-κB-p65 cleavage occurs
at the caspase cleavage site (444LQFDTDED), suggesting that
cleavage of NF-κB-p65 is mediated by caspases and not by the
direct action of SVA 3Cpro.

Link Between NF-κB-p65 and Apoptosis
During SVA Infection
Given our results demonstrating the association between cleavage
of NF-κB-p65, and host cell apoptosis late in SVA infection, we
investigated the importance of this process on virus replication.
First, we assessed the effect of NF-κB-p65 on SVA-induced
apoptosis using a Casp-3/-7 flow cytometry-based assay in STu
cells transiently expressing NF-κB-p65. Notably, expression of
NF-κB-p65 resulted in markedly low activation of Casp-3/-7
following SVA infection when compared to cells transfected with
an empty control plasmid (Figure 9A). Indeed, when NF-κB-
p65 was expressed, caspase activation levels in SVA-infected-
or staurosporine-treated cells were similar to those observed
in mock-infected cells (Figure 9A). These results indicate that
overexpression of NF-κB-p65 prevents SVA-induced apoptosis in
STu cells.

Since expression of NF-κB-p65 led to reduced levels of
apoptosis in SVA infected cells, we next assessed its effect on SVA
replication. Expression of NF-κB-p65 in both STu or H1299 cells
resulted in reduced viral yields as evidenced by significantly lower
viral titers in cells expressing NF-κB-p65, when compared to cells
transfected with the empty control plasmid (p < 0.05, STu; p <

0.01, H1299) (Figures 9B,C). Together these results suggest that
Casp-mediated cleavage of NF-κB-p65 (Figure 8) and induction
of host cell apoptosis late during SVA infection (Figure 2)
might be critical for virus replication and/or release from
infected cells.

Late Induction of Apoptosis Seems
Essential for SVA Infection Cycle
Given our results demonstrating that overexpression of NF-
κB-65 prevents SVA-induced apoptosis and results in lower
viral yields from infected cells, we investigate the direct effect
of apoptosis on SVA infection. For this, replication kinetics
experiments were performed in cells treated or not with
Z-VAD-FMK to directly inhibit caspase-mediated apoptosis
(82). As shown in Figures 10A and B, viral yields were
lower in both STu and H1299 cells when apoptosis was
inhibited (Z-VAD-FMK+).

Next, viral yields were evaluated in the supernatant or cell
fraction of cell cultures treated with Z-VAD-FMK following
high MOI SVA infection. Cells were infected with SVA (MOI =
5) and treated or not with apoptosis inhibitor (Z-VAD-FMK).

While no differences in viral yields were detected in the cell
fraction at 8 h p.i. (Figure 10C), significantly lower viral titers
were detected in the supernatant of cells treated with Z-VAD-
FMK when compared to control untreated cells. Additionally,
the effect of apoptosis on SVA spread was assessed by plaque
assays. As shown in Figure 10D, inhibition of apoptosis by Z-
VAD-FMK decreased the ability of SVA to spread from cell-
to-cell, as evidenced by markedly smaller viral plaques in cells
treated with the apoptosis inhibitor (p < 0.001). Together
these results suggest that induction of apoptosis late in SVA
infection may be important for SVA release and/or spread from
infected cells.

DISCUSSION

Programmed cell death or apoptosis is induced by infection with
several picornaviruses (54, 55, 71, 83–85). Here, we demonstrated
the occurrence of apoptosis at late times post-SVA infection
and provided evidence that this process may contribute to virus
release from infected cells. Notably, early in SVA infection, the
apoptotic pathway is not activated, as evidenced by low Casp-
3/-7 activity or lack of PARP cleavage in SVA infected cells
(Figures 2A, 6B). Suppression of apoptosis early in infection
likely allows the virus to complete the replication cycle before
cell death/lysis (86). Inhibition of apoptosis in early stages of
infection has also been described for Coxsackievirus (87) and
Enterovirus 71 (88). Similar to our results with SVA, poliovirus,
the prototype of the Picornaviridae family (89), was shown to
suppress host cell death at early stages of infection and to trigger
apoptosis at late times p.i. (51, 52, 90). Induction of apoptosis late
in infection is thought contribute to picornavirus release from
infected cells (91). Results here showing reduced SVA titers in
the supernatant of cells treated with apoptosis inhibitor Z-VAD-
FMK are aligned with this hypothesis.

Given that cleavage of NF-κB-p65 was detected in SVA
infected cells, we investigated the potential role of SVA viral
protease 3Cpro on this function. The 3Cpro is the only protease
encoded by SVA and it plays a critical role during virus
replication by processing the polyprotein into mature proteins
(1, 92). Additionally, 3Cpro is important in virus-host interactions
and functions as a key modulator of viral immune evasion (8, 11,
14, 16, 21, 27, 91). When SVA 3Cpro was transiently expressed
in cell culture in vitro, a cleaved fragment of NF-κB-p65 similar
to the one observed in the SVA infected cells, was detected. SVA
3Cpro also inhibited TNF-α-induced NF-κB-mediated luciferase
expression, suggesting that cleavage of NF-κB-p65 leads to a
decreased trans-activating activity of this transcription factor.
This was also observed in the context of SVA infection, with
lower NF-κB-mediated luciferase activity detected at 8–12 h post-
SVA infection. An important observation to note is the fact that
cleavage of NF-κB-p65 is not complete in SVA infected cells. This
is reflected in the luciferase activity (Figure 5D), which shows
repression of NF-κB transcriptional activity, but not complete
inhibition of the transcription factor. These observations would
likely explain the detection of mRNA of NF-κB-target genes late
in SVA infection.
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FIGURE 8 | Cleavage of NF-κB-p65 is mediated by caspases and not by the direct action of SVA 3Cpro. (A) Schematic representation of NF-κB-p65 protein

depicting predicted cleavage sites for Casp-3/-6 (81) and/or SVA 3Cpro in the TAD. Western blot analysis of H1299 cells expressing wild type or mutant NF-κB-p65

proteins containing aa substitutions on SVA 3C predicted cleavage sites (B), caspase predicted cleavage sites (C), or double SVA 3Cpro and caspase predicted

cleavage sites (D). (E) Western blot to assess cleavage of NF-κB-p65 in SVA 3Cpro-expressing cells in the presence or absence of caspase inhibitor Z-VAD-FMK.

Blots in (B–E) were probed with antibodies indicated on the left.

Additionally, transient expression of SVA 3Cpro led to cell
membrane blebbing (data not shown) and cleavage of PARP, a key
marker of cell death, suggesting that this viral protease is involved
on host cell apoptosis (Figure 6A). This was also observed in
the context of SVA infection, in which expression of SVA 3Cpro

correlated with decreased levels of PARP and cleavage of NF-
κB-p65. The ability of 3Cpro to induce apoptosis seems to be

conserved in picornaviruses including Enterovirus 71 (93, 94),
Poliovirus (95), Coxsackievirus B3 (96), andHepatitis A virus (9).

The picornaviral 3Cpro contains a His-Asp-Cys catalytic triad
(4, 80). This site, known as peptide-binding cleft, is located at
the interface between two β-barrels (80), which is characteristic
of serine proteases (97). The predicted catalytic triad of SVA
3Cpro consists of histidine 47 (H47), aspartate 83 (D83), and
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FIGURE 9 | Overexpression of NF-κB-p65 suppresses SVA-induced apoptosis and decreases SVA yields. (A) Flow cytometry analysis of STu cells showing that

transient expression of NF-κB-p65 decreases apoptosis induced by SVA infection. Cells were stained with CellEventTM Caspase-3/7 Green Flow Cytometry Assay kit.

The flow cytometry data were acquired with an Attune NxT flow cytometer and analyzed using FlowJo software. The results were expressed as percent of cells with

active Casp-3/-7. Error bars represent SEM; **p < 0.05 compared to mock-infected cells; Sidak’s multiple comparison test. (B), (C) Replication kinetics of SVA in STu

(B) or H1299 cells (C) transiently expressing NF-κB-p65. Cells were infected and harvested at indicated time points and virus titers determined by the Spearman and

Karber’s method and expressed as log10 tissue culture infections dose 50 (TCID50) per milliliter. The results represent the average of three independent experiments.

Error bars represent SEM (**p < 0.05, ***p < 0.01; comparisons between each time point, Students’ t-test).

cysteine 159 (C159). To assess the importance of the proteolytic
function of SVA 3Cpro to its pro-apoptotic activity and inhibitory
effect on the NF-κB pathway, we generated two 3C mutants
containing single aa substitutions at H47 (H47D) and C159
(C159R) to disrupt the catalytic triad of the protein. Notably,
while expression of wild type 3Cpro resulted in activation of
caspases and cleavage of NF-κB-p65, mutations on the catalytic
triad of 3Cpro (H47D and C159R) abolished these phenotypes,
indicating that the protease activity of SVA 3Cpro is essential for
its function on these pathways.

Cleavage of NF-κB-p65 has also been observed during
infection with poliovirus (8) and FMDV (18), and this phenotype
was attributed to the expression of 3Cpro or Lpro by these viruses,
respectively. Initial results here, suggested that SVA 3Cpro could
also be potentially be involved with this function. However, since
cellular caspases are also able to cleave NF-κB-p65 (64, 65),
we devised experiments to dissect the mechanism underlying
SVA-induced cleavage of this important transcription factor. For
this, NF-κB-p65-expressing plasmids containing single or double
mutations in predicted cleavage sites for the SVA 3Cpro and/or
effector caspases were generated by site directed mutagenesis
(Figure 8A). Notably, results from co-transfection and caspase
inhibition experiments suggest that cleavage of NF-κB-p65
occurs due to the activity of cellular caspases and not due to
the direct action of SVA 3Cpro (Figure 8E). Our results show
that NF-κB-p65 is cleaved at a Casp-3/-6 predicted cleavage
site (444LQFDTDED) when host cell apoptotic pathways are

activated by expression of SVA 3Cpro (Figures 8B–D). Although,
previous studies with poliovirus suggest that cleavage of NF-κB-
p65 is mediated by 3Cpro (8), our findings using mutant NF-κB-
p65 expressing plasmids provide evidence that, for SVA, cleavage
of this important pro-survival molecule is likely secondary to
caspase activation.

Several studies demonstrated that caspase-mediated cleavage
of NF-κB-p65 abrogates cell survival signaling, leading to
host cell apoptosis (64, 65). Notably, infection with Human
Immunodeficiency virus (HIV) and African Swine fever virus
(ASFV) were shown to induce caspase-mediated cleavage
of NF-κB-p65 resulting in enhanced viral replication (98),
or induction of apoptosis after completion of the virus
replication cycle (99), respectively. Here we demonstrated
the relevance of caspase-mediated cleavage of NF-κB-p65 for
SVA infection. Overexpression of NF-κB-p65 suppressed SVA-
induced apoptosis (Figure 9A), and resulted in significantly
lower viral yields from infected cells (Figures 9B,C). These
results suggest that when high levels of NF-κB-p65 are present,
caspase-mediated cleavage of NF-κB-p65 may be saturated
resulting in decreased levels of viral-induced apoptosis. These
findings highlight the relevance of late apoptosis for SVA
infection. This was confirmed with experiments in which
apoptosis was inhibited throughout the virus infection cycle
using the pan-caspase inhibitor Z-VAD-FMK. Results from these
experiments demonstrated lower viral yields from cells in which
apoptosis was suppressed. These findings suggest that SVA
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FIGURE 10 | Induction of apoptosis late in SVA infection is important for virus release and/or spread from infected cells. Multiple-step growth curves in STu (A) or

H1299 (B) cells (MOI = 0.1), and single step growth curve STu (C) cells (MOI = 5) treated or not with Z-VAD-FMK, a pan-caspase inhibitor. Cells and supernatants

were harvested separately at the indicated time points and subjected to virus titration. The virus titers were determined by the Spearman and Karber’s method and

expressed as log10 tissue culture infections dose 50 (TCID50) per milliliter. Results represent the average of three independent experiments. Error bars represent SEM

**p < 0.05, ***p < 0.01; comparisons between each time point in the multiple-step growth curve; and ***p < 0.01; comparisons between the time point in the

single-step growth curve. (D) Plaque assay in STu cells treated or not with Z-VAD-FMK showing reduced viral spread in cells in which apoptosis is inhibited. In the

right panel, the graphic represents SVA plaque forming unit area of cells treated or not with Z-VAD-FMK (10−6 dilution). Plaque areas were determined with ImageJ

software. Error bars represent SEM (***p < 0.01; comparisons between treatments, Multiple t-tests).

induces apoptosis late in infection, presumably as a mechanism
to facilitate virus release and/or spread from infected cells
(Figure 10C). Indeed, the primary mode of spreading of non-
enveloped viruses is cell lysis (100), and apoptosis could allow

viruses to use cell remnants for viral transmission, while avoiding

the host immune response (58).
In summary, results here show that SVA modulates

important host cell pathways, including NF-κB and
apoptosis, throughout the infection cycle. The proteolytic
activity of SVA 3Cpro is essential to induction of apoptosis,

however the precise function of the viral protease to this
process remains unknown. Our data demonstrate that
induction of apoptosis late in infection is a critical process
for SVA infection in vitro. Results showing induction of
apoptosis in vivo suggest that this event may also have direct

implications on SVA infection and pathogenesis in the natural
swine host.
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Impaired innate and adaptive immune responses are evidenced throughout the course

of PRRSV infection. We previously reported that interleukin-1 receptor antagonist

(IL-1Ra) was involved in PRRSV-induced immunosuppression during an early phase

of infection. However, the exact mechanism associated with PRRSV-induced IL-1Ra

immunomodulation remains unknown. To explore the immunomodulatory properties of

PRRSV-induced IL-1Ra on porcine immune functions, monocyte-derived dendritic cells

(MoDC) and leukocytes were cultured with type 2 PRRSV, and the immunological role of

IL-1Ra was assessed by addition of anti-porcine IL-1Ra Ab. The results demonstrated

that PRRSV-induced IL-1Ra reduced phagocytosis, surface expression of MHC II

(SLA-DR) and CD86, as well as downregulation of IFNA and IL1 gene expression

in the MoDC culture system. Interestingly, IL-1Ra secreted by the PRRSV-infected

MoDC also inhibited T lymphocyte differentiation and proliferation, but not IFN-γ

production. Although PRRSV-induced IL-1Ra was not directly linked to IL-10 production,

it contributed to the differentiation of regulatory T lymphocytes (Treg) within the

culture system. Taken together, our results demonstrated that PRRSV-induced IL-1Ra

downregulates innate immune functions, T lymphocyte differentiation and proliferation,

and influences collectively with IL-10 in the Treg induction. The immunomodulatory roles

of IL-1Ra elucidated in this study increase our understanding of the immunobiology

of PRRSV.

Keywords: type 2 PRRSV, pig, immunomodulatory effect, IL-1Ra, interleukin-1 receptor antagonist, innate and

adaptive immune response
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INTRODUCTION

Porcine Reproductive and Respiratory Syndrome Virus (PRRSV)
is one of the major pathogens affecting the pig production
industry worldwide. PRRSV is an enveloped, positive-stranded
RNA virus, which belongs to the genus Porartevirus, family
Arteriviridae and order Nidovirales (1). PRRSV can be classified
into two genotypes; type 1 (EU) and type 2 (US) (2),
but rapid evolutionary rate often leads to the emergence
of PRRSV strain variants (3, 4). Most PRRSV strains have
the capacity to impair host immunity, leading to generalized
immunosuppression in infected pigs (5). Consequently, PRRSV
infection usually increases the severity of other concomitantly
infected pathogens (6).

Innate immunity is recognized as a key modulator for
induction of efficient anti-viral immune responses (7, 8).
However, previous studies strongly evidenced that PRRSV
primarily infects innate immune cells, such as macrophage
and non-conventional dendritic cells (DC), and suppresses
their functions (9–11). PRRSV inhibits maturation of antigen
presenting cells (APC) and decreases levels of bothMHC II (SLA-
DR) and co-stimulatory molecule (CD80 and CD86) expression
(12, 13). Moreover, enhanced expression of programed cell
death-ligand 1 (PD-L1) on PRRSV-infected APC supported
induction of cell apoptosis and regulatory T lymphocyte (Treg)
differentiation (14, 15). During an early phase of PRRSV
infection, production of type I IFN and pro-inflammatory
cytokines (IL-1, IL-6, and TNF-α) was drastically suppressed,
leading to uncontrolled viral replication (16, 17). It has
been suggested that PRRSV-induced suppression of innate
immunity potentially causes poor adaptive immune responses
(18), characterized by attenuated T lymphocyte proliferation, and
poor induction of PRRSV-specific IFN-γ-producing cells (19, 20)
together with delayed neutralizing antibody responses (21).

The negative immunomodulatory mechanism induced by
type 2 PRRSV has been linked to the induction of interleukin-
10 (IL-10), which in turn provides an immunological niche for
Treg expansion (18, 22). However, the immunosuppressive effect
of PRSSV might not be solely associated with the induction of
IL-10 and Treg as these factors develop slowly, ∼1 week after
the suppression of innate immunity (23, 24). Moreover, levels
of IL-10 and Treg induction were different among the PRRSV
strains (25).

Recently, interleukin-1 receptor antagonist (IL-1Ra) induced
by PRRSV was suggested to play an important role during the
early phase of PRRSV infection as increased levels of IL-1Ra

were observed both in vitro and in PRRSV-infected pigs (26).
Although effect of IL-1Ra on porcine immune responses remains
elusive, several evidences have been shown in both human and

mouse models. IL-1Ra competitively binds to IL-1 receptor (IL-
1R), and subsequently inhibits IL-1-induced signaling cascades
(27). Interestingly, APC maturation and induction of type I
IFN, IL-1, and TNF-α were shown to be modulated by IL-
1Ra production (27–29). Blocking the IL-1R signaling pathway

could inhibit antigen-specific T lymphocyte activation and
proliferation (29, 30). In addition, immunomodulatory effects of
IL-1Ra were also reported in the progression of some infectious

diseases. Increased level of IL-1Ra production induced by Yesinia
pestis could suppress pro-inflammatory cytokine production,
resulting in prolonged bacterial survival during the early stage of
infection (31). Likewise, human immunodeficiency virus (HIV)-
induced IL-1Ra production weakens inflammatory processes
through inhibition of IL-1 synthesis in human monocytes
(32). Altogether, these evidences strongly indicate that IL-1Ra
represents a key immunomodulator during an early phase of
immune responses. In this study, the impact of PRRSV-induced
IL-1Ra on porcine innate and adaptive immune functions
were investigated.

MATERIALS AND METHODS

Viruses and Cells
Type 2 PRRSV strain 01NP1 (33) and classical swine fever virus
(CSFV) were kindly provided by Chulalongkorn University
Veterinary Diagnostic Laboratory (CU-VDL; Bangkok,
Thailand). PRRSV and CSFV were cultured and titrated
in MARC-145 (CU-VDL) and SK6 (CU-VDL) cell lines,
respectively. Mock-infected cell lysates were prepared from
MARC-145 (for PRRSV) and SK6 (for CSFV) cells, respectively.
All viruses and mock-infected cell lysates were stored at −80◦C
until needed.

Antibodies
Anti-PRRSV N mAb (SDOW-17, IgG) was purchased from RTI
(SD, USA). Anti-porcine SLA-DR mAb (1053H2-18, IgG2a),
anti-porcine CD3-FITC mAb (BB23-8E6, IgG2b), biotinylated
anti-porcine CD4 mAb (74-12-4, IgG2b), and anti-porcine
CD8-PE mAb (76-2-11, IgG2a) were purchased from Southern
Biotech (Birmingham, AL, USA). Biotinylated anti-porcine IFN-
γ mAb (P2C11) was purchased from BD Biosciences (San
Jose, CA, USA). Anti-porcine IL-10 mAb (945A4C437B1, IgG1)
was purchased from Biosource (Camarillo, CA, USA). Anti-
human FOXP3 mAb-APC (236A/E7, IgG1) was purchased
from eBioscience (SanDiego, CA, USA). Anti-porcine CD25
mAb (K231.3B2, IgG1), goat anti-mouse IgG1-FITC and goat
anti-mouse IgG2a-FITC were purchased from AbD Serotec
(Kidlington, UK). Anti-human CD86-PEcy7 mAb (IT2.2,
IgG1), anti-BrdU-FITC (3D4, IgG1), streptavidin-APC and
streptavidin-PEcy7 were purchased from BioLegend R© (San
Diego, CA, USA). Goat anti-mouse IgG1-Alexaflur 647 and
streptavidin-PE were purchased from ThermoFisher Scientific
(Invitrogen, Carlsbad, CA, USA).

Isolation of Porcine Leukocytes and
Generation of Monocyte-Derived Dendritic
Cells (MoDC)
Crossbred, PRRSV-seronegative pigs were previously immunized
with CSFV-modified live vaccine (MLV) (COGLAPEST R©, Ceva
Santé Animale, Libourne, France) at 4 and 7 weeks of age.
At 16 weeks of age, porcine peripheral blood mononuclear
cells (PBMC) were isolated from heparinized whole blood
by density gradient centrifugation, using LymphoSepTM (MP
Biomedicals, California, USA) according to the manufacturer’s
procedure. MoDC were generated as previously described (34).
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Briefly, the PBMC were resuspended at 5 x 106 cells/mL in
Iscove’s Modified Dulbecco’s Media (IMDM) (GIBCO, Carlsbad,
CA, USA), and incubated at 37◦C and 5% CO2 for 2 h.
Non-adherent cells, referred as peripheral blood lymphocytes
(PBL), were collected and stored at 5 × 107 cells/mL in
liquid nitrogen until needed. The remaining adherent cells were
cultured with 10 ng/mL porcine recombinant IL-4 (R&D system,
Minneapolis, MN, USA) and 25 ng/mL porcine recombinant
GM-CSF (R&D system) for 7 days. For downstream experiments,
PBMC, PBL, and MoDC were plated in complete RPMI,
containing advanced RPMI (GIBCO), 10% FBS (GIBCO), 2mM
L-glutamine (GIBCO), antibiotic/antimycotic solution (GIBCO),
25mM HEPES (GIBCO), and 50µM β-mercaptoethanol (Sigma
Chemical Co., St. Loius, USA).

In vitro IL-1Ra Neutralization Assay
On MoDC
MoDC (1× 106 cells/200 µl/well) were incubated with 0.1m.o.i.
of type 2 PRRSV or mock (MARC-145 cell lysate) in 24-
well plates at 37◦C and 5% CO2. In some experimental
conditions, cells were pre-treated with final concentration of
10 ng/mL polyclonal goat anti-porcine IL-1Ra antibody (R&D
system, clone AF780) or polyclonal goat IgG isotype control
antibody (R&D system) at 2 h post-inoculation to neutralize
PRRSV-induced IL-1Ra which was then cultured for another
22 h. To determine the effect of PRRSV-induced IL-1Ra on
MoDC phagocytic activity, the antibody pre-treated MoDC (2
× 106 cell) were further incubated with inactivated E. coli-
FITC (ThermoFisher Scientific) in complete RPMI at a MoDC:E.
coli ratio of 1:50 for 10min at 37◦C. Immediately after, cold
PBSA was added to stop the phagocytic activity. The cell pellet
was washed twice with PBSA and subjected to flow cytometric
analyses. To measure the effect of PRRSV-induced IL-1Ra on
MoDC maturation and cytokine gene expression, 1µg/mL of
LPS (Sigma Chemical Co.) was added into each respective well at
24 h post-inoculation, and cultured for another 24 h. Afterward,
the cells were harvested and subjected to immunofluorescent
staining and mRNA extraction.

On T Lymphocyte Responses
The supernatants from mock or PRRSV-infected MoDC at 24 h
post-inoculation were incubated with 10 ng/mL of either anti-
porcine IL-1Ra or isotype control antibodies for 2 h for IL-
1Ra neutralization. Then, PBMC or PBL (2 × 106 cells/well)
were incubated with 200 µL of these antibody pre-treated
supernatants prior to performing downstream functional assays.
To determine the effects of PRRSV-induced IL-1Ra on T
lymphocyte differentiation, the supernatant-treated PBMC were
inoculated with 0.1m.o.i. of CSFV or mock (SK6 cell lysate) at
37◦C and 5% CO2. The cell pellets were collected at 0, 12, 24, 48,
and 72 h post-inoculation for mRNA extraction.

To determine effects of PRRSV-induced IL-1Ra on IFN-γ
production and proliferation, the pre-treated PBL or PBMC were
incubated with 1µg/mL PHA (Sigma Chemical Co.), DMSO
(Sigma Chemical Co.), 0.1m.o.i. of CSFV or mock (SK6 cell
lysate) for 48 (IFN-γ production) or 96 h (proliferation). For
the proliferation assay, the cells were cultured with 10µM

Bromodeoxyuridine (BrdU, BioLegend R©) prior to incubation
with indicated treatments. The cells were harvested and subjected
to immunofluorescent staining and flow cytometric analyses.

On IL-10-Producing Cells and Treg
PBMC (2 × 106 cells/well) were inoculated with 0.1m.o.i. of
type 2 PRRSV or mock (MARC-145 cell lysate) in 24-well plates
at 37◦C and 5% CO2 for 2 h. The cultures were subsequently
treated with anti-porcine IL-1Ra or isotype control antibodies
(10 ng/mL) and incubated for another 46 h. The cells were
harvested and subjected to immunofluorescent staining for IL-
10-producing T lymphocytes and Treg.

IL-1Ra ELISA
PBMC (2 × 106 cells/well) or MoDC (1 × 106 cells/well) were
cultured with 0.1m.o.i. of type 2 PRRSV or mock (MARC-145
cell lysate) in 24-well plates at 37◦C and 5% CO2 for 48 h. The
culture supernatants were collected and measured for the level
of PRRSV-induced IL-1Ra by porcine IL-1Ra ELISA (CUSABIO,
Wuhan, China).

Immunofluorescent Staining and Flow
Cytometric Analyses
To confirm PRRSV infection, PBMC and MoDC were stained
and permeabilized with 1:100 anti-PRRSV N mAb (SDOW-17)
diluted in Reagent B (Leucoperm, AbD serotec) in the dark at the
4◦C for 30min followed by PBSAwashing. Subsequently, 1:100 of
goat anti-mouse IgG1-FITC mAb diluted in PBSA supplemented
with 0.5% BSA and 0.1% sodium azide, referred as the FACS
buffer, were added and incubated in the dark at 4◦C for 30min.
The stained cells were subjected to flow cytometric analyses.

After performing the neutralization assays, the cells (1 × 106

cells/well) were harvested and transferred into 96-well round-
bottom plates and then washed twice with FACs buffer. For
immunofluorescent staining of surface molecules including SLA-
DR, CD86, CD3, CD4, CD8, and CD25, primary mAbs at
indicated concentration; 1:100 of anti-SLA-DR, 1:50 of anti-
CD86-PEcy7, 1:50 of anti-CD3-FITC, 1:50 of biotinylated anti-
CD4, 1:50 of anti-CD8-PE, or 1:100 of anti-CD25 mAbs, diluted
in FACS buffer at final volume 50 µL/reaction, were added and
further incubated in the dark at 4◦C for 30min. For secondary
staining, 1:500 of streptavidin-PE, 1:500 of streptavidin-PEcy7,
1:100 of goat anti-mouse IgG1-FITC or 1:100 of goat anti-mouse
IgG2a-FITC, diluted in FACS buffer was added to the cells and
incubated in the dark at 4◦C for 30 min.

For intracellular staining, the cells were then fixed and
permeabilized with 50% reagent A (Leucoperm, Serotec), diluted
in FACS buffer, for 30min. For primary staining, 1:100 of anti-
BrdU-FITC, 1:100 of biotinylated anti-IFN-γ , 1:100 of IL-10
(IgG1) or 1:20 of anti-FOXP3-APC mAbs, diluted in Reagent
B (Leucoperm, Serotec) was added to the cells and further
incubated in the dark at 4◦C for 45min. For secondary staining,
1:500 of streptavidin-APC or 1:100 of goat anti-mouse IgG1-
Alexaflur 647, diluted in FACS buffer was added to the cells and
incubated in the dark at 4◦C for 30 min.

Cells, stained with the different isotype controls, were used to
set the background cut-off of the study. The fluorescent minus
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one (FMO) staining samples were also performed during the
establishment and validation of the assay. The cells were gated
at least 1 × 105 cell/events for each analysis. Flow cytometric
analyses were performed using FC 500 MPL (Beckman Coulter,
CA, USA).

Quantitative Polymerase Chain Reaction
(qPCR)
Total mRNAs were isolated from the cells (2× 106 cells/reaction)
by using the total mRNA extraction kit (Biotechrabbit, Germany)
according to the manufacturer’s instruction. The extracted
mRNAs were assayed by NanoDrop (Thermo scientific, USA)
and converted to cDNA using a cDNA synthesis kit (Invitrogen,
USA). Levels of porcine IFNA, IL1, IL6, TBET, GATA3, RORGT,
FOXP3, and GAPDH expression were quantified by SYBR green-
based qPCR using the specific primer sets shown in Table 1.
qPCR reaction was carried out as previously described (26,
35–37). Ct values of each gene were normalized against the

housekeeping gene; GAPDH. Differences in Ct values between
the treatment groups were analyzed by the formula 2−11Ct.

Statistical Analyses
Data were analyzed using student t-test or analysis of variance
(ANOVA) followed by Tukey’s multiple comparison tests. All
statistical analyses were performed using GraphPad Prism
for Windows (GraphPad Software Incorporated, San Diego,
CA, USA).

RESULTS

PRRSV-Induced IL-1Ra Impaired
Phagocytic Activity, Maturation and Innate
Cytokine Productions
To investigate the role of PRRSV-induced IL-1Ra on porcine
innate immune functions, MoDC were infected with type 2
PRRSV or mock (MARC-145 cell lysate) and subsequently

TABLE 1 | Sequences of the qPCR primers.

Gene NCBI Accession no. Primer sequence (5
′

> 3
′

) Product size (bp) References

IFNA XM_003480507.3 F: CTG-GAG-GAG-GAC-TCC-AT 268 (26)

R: GAG-TCT-GTC-TTG-CAG-GTT

IL1B NM_214055.1 F: AAC-GTG-CAA-TGA-TGA-CTT-TG 292 (26)

R: CAC-TTC-TCT-CTT-CAA-GTC-CC

IL6 JQ839263.1 F: AGA-ACT-CAT-TAA-GTA-CAT-CCT-CG 180 (34)

R: AGA-TTG-GAA-GCA-TCC-GTC

TBET XM_003132081.4 F: TCA-ATC-CTA-CTG-CCC-ACT-AC 151 (35)

R: TTA-GGA-GAC-TCT-GGG-TGA-AC

GATA3 XM_022745494.1 F: ACA-GAC-CCC-TGA-CCA-TGA-AG 193 (35)

R: GGA-GAT-GTG-GCT-GAG-AGA-GG

FOXP3 XM_021079539.1 F: CTC-CTA-CTC-CCT-GCT-GGC-AAA-T 283 (24)

R: TAC-AAT-ACA-GCA-GGA-ACC-CTT-GTC-A

GAPDH XM_005658673.2 F: AAG-TGG-ACA-TTG-TCG-CCA-TC 318 (24)

R: TCA-CAA-ACA-TGG-GGG-CAT-C

FIGURE 1 | PRRSV-induced IL-1Ra inhibited porcine innate immune functions. PRRSV-induced IL-1Ra inhibited (A) phagocytic activity, (B) SLA-DR and (C) CD86

expression. MoDC were cultured with type 2 PRRSV or mock, in the presence of anti-IL-1Ra Ab. LPS was added into the culture and further incubated for 24 h. ±

indicates presence/absence of indicated treatment within the culture. Data represents mean ± SD from 5 pigs. Statistical significance was analyzed using ANOVA

followed by Tukey’s test. * indicates significant difference at p < 0.05.
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FIGURE 2 | PRRSV-induced IL-1Ra inhibited (A) IFNA and (B) IL1, (C) but not

IL6 expression. MoDC were cultured with type 2 PRRSV or mock, in the

presence of anti-IL-1Ra Ab. LPS was added into the culture and further

incubated for 24 h. ± indicates presence/absence of indicated treatment

within the culture. Data represents mean ± SD from 5 pigs. Statistical

significance was analyzed using ANOVA followed by Tukey’s test. * indicates

significant difference at p < 0.05.

cultured with anti-porcine IL-1Ra Ab. Antibody preincubation
had no effect on the numbers of PRRSV-infected cells
(Supplementary Figure 1A). Significant IL-1Ra production
was observed in the supernatants of PRRSV-infected MoDC
as confirmed by ELISA (Supplementary Figure 1B). PRRSV
infection significantly decreased phagocytic activity of MoDC,
which could be restored by the neutralization of IL-1Ra
(Figure 1A and Supplementary Figure 2A). Addition of anti-
IL-1Ra Ab alone did not affect the phagocytic activity of MoDC.
Next, we investigated the effect of PRRSV-induced IL-1Ra on
MoDC maturation. Consistent with previous findings (38–40),
SLA-DR and CD86 expressions on LPS-induced MoDC were
significantly decreased by PRRSV. The blockade of IL-1Ra in
the culture increased SLA-DR (MHC II) and restored CD86
expression (Figures 1B,C and Supplementary Figures 2B,C).

As downregulation of IFNA, IL1, and IL6 expression was
always reported to precede the IL-10 induction during the
course of PRRSV infection (17, 41–43), we hypothesized that
these effects were mediated by PRRSV-induced IL-1Ra. In
response to LPS stimulation, the expressions of IFNA, IL1, and

IL6 genes in the cultured MoDC were significantly increased
and PRRSV abolished these innate cytokine gene expressions
(Figures 2A–C). Neutralization of IL-1Ra restored IFNA and
IL1 gene expressions up to the levels observed in the control
treatments (mock). However, neutralization of IL-1Ra appeared
to have little effect on the level of IL6 gene expression
(Figures 2A–C) suggesting that PRRSV downregulated IL6 by
a different mechanism. Altogether, these findings indicated
that PRRSV inhibited several key functions of APC, including
phagocytic activity, antigen processing and presentation and
certain pro-inflammatory cytokine production through IL-
1Ra production.

PRRSV-Induced IL-1Ra Altered
Expressions of Helper T Lymphocyte
Transcriptional Factors During CSFV
Reactivation
Development of porcine specific T lymphocyte lineages, namely
Th1, Th2, and Treg, are specifically induced by constitutive
expression of the transcription factors (TF); T-bet, GATA3, and
FOXP3, respectively (36). It was previously reported that PRRSV
infection interfered with host specific immune responses against
other viral infections, including classical swine fever (CSFV)
(44–46). Consequently, we investigated the immunomodulatory
effect of PRRSV-induced IL-1Ra on the expression of major
transcriptional factors during the recalled antigen (CSFV)
responses. First, we confirmed that CSFV infection did not
upregulate IL1RA gene expression in the CSFV-primed PBMC
throughout the observation period (Figure 3A). Consistent
with previous findings (47, 48), restimulation of CSFV-primed
PBMCs with the same antigen significantly upregulated TBET
expression indicating a shift of Th polarization toward Th1
(Figure 3B). Addition of the supernatant from PRRSV-infected
MoDC decreased levels of CSFV-induced TBET andGATA3 gene
expression. The IL-1Ra neutralization was shown to restore or
even increase the expressions of TBET and GATA3 compared
with CSFV restimulation alone (Figures 3C,D). Whereas, CSFV
had no effect on FOXP3 expression, the presence of supernatant
of PRRSV-infectedMoDC drastically upregulated transcriptional
FOXP3 at 48 and 72 h in CSFV-restimulated cells (Figures 3B,E).
However, neutralization of IL-1Ra had no effect on the level of
FOXP3 expression (Figure 3E), suggesting Treg are differentiated
by other mechanisms. Altogether, these results demonstrated the
immunomodulatory effects of PRRSV-induced IL-1Ra on the
antigen-specific Th differentiation.

PRRSV-Induced IL-1Ra Inhibited
Lymphocyte Proliferation, but Not IFN-γ
Production
To investigate the effect of PRRSV-induced IL-1Ra on T
lymphocyte proliferation, the supernatants obtained from
PRRSV-infected MoDC were pretreated with anti-IL-1Ra Ab,
and then added into PHA- or CSFV-stimulated BrdU-cultured
porcine PBL or PBMC. Lymphocytes were further gated
into CD4+ (putative T helper lymphocytes), CD8+ (putative
cytotoxic T lymphocytes) and CD4+CD8+ (putative memory
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FIGURE 3 | PRRSV-induced IL-1Ra altered the expression of helper T lymphocyte transcriptional factors during the recalled antigen test. (A) CSFV had no effect on

IL1RA gene expression. (B) Upon activation with the recalled antigen, CSFV, strong upregulation of TBET was observed in the CSFV-primed PBMC. *indicates

significant difference levels at p < 0.05. (C–E) The levels of transcriptional factor gene expression in the CSFV-primed PBMC, upon reactivation with the recalled

antigen. PRRSV-induced IL-1Ra decreased expressions of (C) TBET and (D) GATA3, (E) but not FOXP3 gene expressions. The supernatants from type 2 PRRSV- or

mock (MARC-145 cell lysate)-infected MoDC were pretreated with anti-IL-1Ra Ab for 2 h prior to addition into the culture system. PBMC obtained from

CSFV-immunized pigs were in vitro reactivated with CSFV or mock (SK6 cell lysate), in the presence of pretreated supernatants. Data represents mean ± SD from 5

pigs. Statistical significances were analyzed using t test (A) ANOVA followed by Tukey’s test (B–E). a indicates significant difference between mock-infected cell

supernatant (black circle) and PRRSV-infected cell supernatants (close and open light blue squares) at p < 0.05. * indicates significant difference between addition of

anti-IL-1Ra Ab (dark blue triangle) and PRRSV-infected cell supernatants (close and open light blue squares) at p < 0.05.

T lymphocytes) subpopulations (Supplementary Figures 3A,B).
Addition of PHA resulted in robust proliferation of CD4+,
CD8+, and CD4+CD8+ subpopulations. Addition of anti-
IL-1Ra Ab or isotype control did not affect PHA-stimulated
cellular proliferation. On the contrary, the presence of PRRSV-
infected MoDC supernatant significantly reduced the numbers
of proliferating CD4+, CD8+, and CD4+CD8+ cells in
the PHA-stimulated cultures, and these effects could be
abrogated by addition of anti-IL-1Ra Ab (Figures 4A–C and
Supplementary Figure 3A). The results indicated that PRRSV-
induced IL-1Ra was involved in suppression of PHA-induced T
lymphocyte proliferation.

Next, we examined the effect of PRRSV-induced IL-1Ra
on antigen-specific T cell proliferation. Consistent with
the above findings, the presence of CSFV induced antigen-
specific proliferation of CD4+, CD8+, and CD4+CD8+

subpopulations from the CSFV-primed pigs. The CSFV-specific
lymphocyte proliferation was significantly reduced in the
presence of the supernatant obtained from the PRRSV-infected
MoDC, whereas addition of anti-IL-1Ra Ab could restore the
CSFV-specific lymphocyte proliferation (Figures 4D–F and
Supplementary Figure 3B). The findings suggested the negative
effect of PRRSV-induced IL-1Ra on porcine antigen-specific
lymphocyte proliferation.

We further examined the effect of PRRSV-induced IL-1Ra
on T lymphocyte effector function by enumerating the number
of IFN-γ-producing T lymphocytes. Addition of supernatant
from PRRSV-infected MoDC significantly reduced the numbers
of PHA-activated and CSFV-specific IFN-γ-producing T
lymphocytes (Figures 5A,B and Supplementary Figures 5A,B).

Addition of anti-IL-1Ra Ab into PHA-induced PBMC could only
partially restore the numbers of IFN-γ-producing T lymphocytes
(Figure 5A and Supplementary Figure 5A). Similarly, addition
of anti-IL-1Ra Ab did not restore the numbers of CSFV-specific
IFN-γ-producing cells in the culture system (Figure 5B and
Supplementary Figure 5B). Together, our data demonstrated
that the presence of PRRSV-induced IL-1Ra in the culture
system significantly inhibited mitogen-induced and virus-
specific lymphocyte proliferation. However, the negative effect of
PRRSV-induced IL-1Ra on IFN-γ produced by T lymphocytes
was not significant.

PRRSV-Induced IL-1Ra Was Involved in the
Induction of Treg, but Not IL-10-Producing
T Lymphocytes
As shown earlier, strong upregulation of FOXP3 was observed
in the presence of PRRSV-infected MoDC supernatant. To
further investigate the role of PRRSV-induced IL-1Ra on IL-
10 production and induction of Treg, PBMC were infected
with PRRSV or mock, and in the presence or absence
of anti-IL-1Ra Ab. Similarly to MoDC, PRRSV infection
significantly induced IL-1Ra production in the cultured PBMC
(Supplementary Figures 4A,B). In agreement with previous
findings (23, 49, 50), PRRSV enhanced the numbers of IL-
10-producing T lymphocytes and Treg (Figures 6A,B and
Supplementary Figures 6A,B). Addition of anti-IL-1Ra Ab
had little effect on the reduction of IL-10-producing T
lymphocytes (Figure 6A and Supplementary Figure 6A). IL-
1Ra neutralization significantly decreased the numbers of Treg,
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FIGURE 4 | PRRSV-induced IL-1Ra inhibited lymphocyte proliferation. PRRSV-induced IL-1Ra inhibited PHA-induced proliferation of the (A) CD4+, (B) CD8+, and

(C) CD4+CD8+ subpopulations. PRRSV-induced IL-1Ra inhibited CSFV-specific proliferations of the (D) CD4+, (E) CD8+, and (F) CD4+CD8+ subpopulations. The

supernatants obtained from type 2 PRRSV or mock (MARC-145 cell lysate) were pretreated with anti-IL-1Ra Ab for 2 h prior to addition into the culture. PBL or PBMC

were culture with PHA, CSFV or controls for 96 h, in the presence of the pretreated supernatants. ± indicates presence/absence of indicated treatment within the

culture. Data represents mean ± SD from 5 pigs. Statistical significance was analyzed using ANOVA followed by Tukey’s test. * indicates significant difference at

p < 0.05.

although not to the level of uninfected PBMC (Figure 6B
and Supplementary Figure 6B). These findings indicated that
PRRSV-induced IL-1Ra might not be directly involved in the
development of IL-10-producing T lymphocytes, but could partly
play a role in Treg induction under our studied conditions.

DISCUSSION

Interleukin-1 receptor antagonist (IL-1Ra) is known as an
early inhibitory cytokine, which potentially participates in
PRRSV-induced immunosuppression during the early phase
of infection (26). As several reports showed that IL-1Ra is a
potent negative immunomodulator of both innate and adaptive
immune functions (51–53), the present study extended the
characterization of the negative immunomodulatory effects
of PRRSV-induced IL-1Ra on several aspects of porcine
immune functions.

Porcine dendritic cell (DC) populations, i.e., conventional
DC (cDC) and non-conventional DC, exhibit different PRRSV
susceptibility. Several studies strongly indicated that PRRSV
could not infect both cDC1 and cDC2 populations (54–56). It
should be emphasized that this study utilized MoDC, a non-
conventional DC, and that the observed PRRSV infectivity in
porcine MoDC was consistent with the previous reports (10, 57).
The immunomodulatory effects of PRRSV-induced IL-1Ra in the
cDC population remains to be elucidated. In addition, variation
in PRRSV infectivity of porcine myeloid cells might be related to
the PRRSV strains used in the studies (58, 59).

The inhibition of phagocytic activity and APC maturation
by PRRSV-induced IL-1Ra strongly supported the role of IL-
1Ra in PRRSV immunopathogenesis. These findings were in
agreement with the previous studies in human andmousemodels
reporting the suppressive effects of exogenous IL-1Ra on Fc-
dependent phagocytosis (60), and APC maturation (52). Our
observations that PRRSV-induced IL-1Ra downregulated IFNA
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FIGURE 5 | PRRSV-induced IL-1Ra was not involved in suppression of IFN-γ-producing T lymphocytes in both (A) polyclonal and (B) recalled CSFV responses. The

supernatants obtained from type 2 PRRSV or mock (MARC-145 cell lysate) were pretreated with anti-IL-1Ra Ab for 2 h prior to addition into the culture. PBL or PBMC

were cultured with PHA, CSFV or controls for 48 h, in the presence of the pretreated supernatants. ± indicates presence/absence of indicated treatment within the

culture. Data represents mean ± SD from 5 pigs. Statistical significance was analyzed using ANOVA followed by Tukey’s test. * indicates significant difference at

p < 0.05.

FIGURE 6 | PRRSV-induced IL-1Ra was partially involved in regulatory T

lymphocyte (Treg) induction. PRRSV-induced IL-1Ra decreased numbers of

(A) Treg, (B) but not IL-10-producing T lymphocytes. PBMC were cultured in

the presence of type 2 PRRSV or mock. Subsequently, anti-IL-1Ra Ab was

added into the culture and further incubated for 48 h. ± indicates

presence/absence of indicated treatment within the culture. Data represents

mean ± SD from 5 pigs. Statistical significance was analyzed using ANOVA

followed by Tukey’s test. * indicates significant difference at p < 0.05.

and IL1 gene expression were in agreement with previously
published data on the inhibitory effects of IL-1Ra on type I
IFN and pro-inflammatory cytokine productions inmacrophages
and DC (28, 61). Interestingly, suppression of IL6 gene
expression by PRRSV was not dependent with IL-1Ra under
our experimental conditions. It must be pointed out that in
experimental models of acute-phase response (62), IL-1Ra could

not prevent excessive IL-6 production within local injury. Hence,
our results suggested that other mechanisms besides IL-1Ra
mediate PRRSV-suppressed IL-6 production.

PRRSV infection has long been shown to cause a negative
impact on host immunity against other pathogens, including
CSFV (44, 45). Differentiation into porcine T helper 1 (Th1) and
T helper 2 (Th2) lymphocyte lineages requires specific expression
of transcription factors (TF), TBET and GATA3, respectively
(63, 64). Here, we demonstrated that PRRSV-induced IL-
1Ra interfered with antigen-specific Th1/Th2 response by the
downregulation of TBET and GATA3 expressions. Supporting
our findings, blocking of IL-1R signaling pathway inhibited
Th1 and Th2 differentiations (53, 65). Surprisingly, IL-1Ra
neutralization resulted in a higher level of TBET and GATA3
expressions than those from the cells cultured with CSFV
alone suggesting that a basal level of IL-1Ra is requested
to balance the Th differentiation (66–68). Suppression of T
lymphocyte differentiation by PRRSV-induced IL-1Ra most
likely contributed to the observed negative impact of PRRSV
on CSFV-specific immune responses in pigs (44, 45). We
also demonstrated that PRRSV-induced IL-1Ra significantly

suppressed mitogen- as well as antigen-dependent lymphocyte
proliferation. The effect of PRRSV-induced IL-1Ra on T
lymphocyte proliferation was quite expected as signaling via

IL-1R was shown to be a prerequisite for induction of T
helper lymphocyte (Th) proliferation (53). Moreover, blocking
IL-1R activation with exogenous IL-1Ra could inhibit DNA
replication, resulting in a reduction of T lymphocyte expansion
(69, 70). Altogether, our findings suggested that the poor adaptive
immune response, usually observed in PRRSV infected pigs, is
in part due to the inhibition of T lymphocyte differentiation and

proliferation by PRRSV-induced IL-1Ra.
The effector function of Th lymphocyte responses is

attributable to specific types of cytokine production (71, 72).
IFN-γ produced by Th1 lymphocytes can facilitate phagocytosis,
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antigen processing and presentation, antiviral stage of affected
cells, and activation of effector cytotoxic T lymphocytes (CTL)
(73). Delayed PRRSV-specific IFN-γ-secreting T lymphocyte
response is usually observed during PRRSV infection (19, 74).
However, transcriptomic analysis of PRRSV-immunized pigs
revealed that the IFN-γ pathway was essential for activation
of anti-viral defense mechanism (75). On the other hand, IL-
10, a potent inhibitory cytokine, is known as one of the major
PRRSV-induced immunosuppressive mechanisms (22, 49, 50).
Consistent with previous findings, we demonstrated that PRRSV
infection suppressed IFN-γ and increased IL-10-producing T
lymphocytes. Although IL-1R signaling was also reported to
play an important role in T lymphocyte effector function (53,
76), neutralization of IL-1Ra had no effect on both IFN-γ and
IL-10 production in the cultured T cell populations. These
observations convincingly pointed out that PRRSV-induced IL-
1Ra might not be directly involved in T lymphocyte effector
functions, but rather may interfere with T cell induction
phase as observed through alteration of TF gene and cellular
proliferation. The findings also suggested that other undefined
immunomodulatory mechanisms might be responsible for these
observations. A possible mechanism is via IL-10, as it directly
interferes with IFN-γ production in memory T lymphocytes (77,
78). Although IL-10 production by other leukocyte populations
was not determined in this study, previous reports evidenced
the secretion of IL-10 from PRRSV-infected macrophages and
DC (9, 50). Collectively, IL-10 produced by various leukocyte
subpopulations may help promote IL-1Ra production as IL-
10 can enhance production of IL-1Ra by recruitment of NF-
κB to IL-1Ra promotor in monocytes and macrophages (79).
It is likely that both IL-1Ra and IL-10 act synergistically in
PRRSV-induced immunosuppression.

Induction of Treg, the inhibitory Th lymphocytes, is one of the
PRRSV-induced negative immunomodulatory mechanisms (49,
80, 81). Development and function of Treg are distinct among Th
lymphocyte lineages (82). Although expression of FOXP3 plays
an important role during Treg differentiation and development,
FOXP3 per se is not sufficient to maintain Treg phenotype and
their functions (83). Other costimulatory regulators including
PD-L1, CTLA-4, IL-2, IL-10, and TGF-β, collectively contribute
to stable Treg phenotype and suppressive activities (84, 85),
neutralization of IL-1Ra did not modulate PRRSV-induced
FOXP3 gene expression in the cultured PBMC (Figure 3E),
but it could partially reduce the induction of PRRSV-
induced FOXP3+CD4+CD25high subpopulation (Figure 6B). It
is possible that PRRSV-induced IL-1Ra does not help to promote
Treg development, but potentially participates in maintaining
Treg characteristics in the culture system. The finding on effects
of PRRSV-induced IL-1Ra on Treg induction is intriguing.
Previously, it was clearly demonstrated that IL-10 was responsible
for induction of PRRSV-specific Treg (22). Apart from IL-
10, PRRSV-induced TGF-β production is also involved in
differentiation of inducible Treg (80, 86–89). There were some
studies reporting that IL-1Ra could enhance TGF-β production
in leukocytes and somatic cells (90, 91). This finding could
strengthen our hypothesis on the role of PRRSV-induced IL-1Ra
in the maintenance of Treg population.

Several key questions remain unanswered but need to be
deeply investigated in order to fully characterize the roles
of IL-1Ra in PRRSV immunopathogenesis. First, what is the
precise molecular mechanism(s) of PRRSV-induced IL-1Ra in
the infected cell? Second, what is the effect of PRRSV-induced
IL-1Ra on IL-10 production, and vice versa, in myeloid cell
population? Is it possible that both cytokines act synergistically to
provide an immunological niche promoting Treg? Furthermore,
in the context of PRRSV vaccine development, promising
strategies based on the reduction of both induced IL-1Ra and
IL-10 should also be explored. Although our observations on
the negative immunomodulatory effects of PRRSV-induced IL-
1Ra were obtained using in vitro assays, these circumstances
are likely relevant to PRRSV-induced immunosuppression in the
infected pigs in regard to impaired innate cytokine production
(16, 92), prolonged PRRSV-specific T helper and CTL induction
(93), and enhanced PRRSV-specific Treg population (22, 24, 94).
In contrast, highly pathogenic (HP)-PRRSV infection, which
is deficient in its ability for IL-1Ra induction (26), causes
robust innate cytokine production in an early phase of infection
(95). These findings support our notion that IL-1Ra is, in
part, responsible for negative immune responses in the PRRSV-
infected pigs.

In conclusion, this study highlighted the negative
immunomodulatory effects of PRRSV-induced IL-1Ra on
both porcine innate and adaptive immune functions. Our
findings clearly demonstrated the inhibitory effects of PRRSV-
induced IL-1Ra on APC functions, including phagocytosis and
maturation, as well as interfering with the induction phase of
T lymphocyte responses. Furthermore, IL-1Ra could help to
maintain PRRSV-specific Treg population. This study confirms
the role of IL-1Ra as a key immunosuppressor during the course
of PRRSV infection.
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The rapid evolution of porcine reproductive and respiratory syndrome viruses (PRRSV)

poses a major challenge to effective disease control since available vaccines show

variable efficacy against divergent strains. Knowledge of the antigenic targets of

virus-neutralizing antibodies that confer protection against heterologous PRRSV strains

would be a catalyst for the development of next-generation vaccines. Key to discovering

these epitopes is the isolation of neutralizing monoclonal antibodies (mAbs) from immune

pigs. To address this need, we sought to establish systems to enable the isolation of

PRRSV neutralizing porcine mAbs. We experimentally produced a cohort of immune

pigs by sequential challenge infection with four heterologous PRRSV strains spanning

PRRSV-1 subtypes and PRRSV species. Whilst priming with PRRSV-1 subtype 1 did

not confer full protection against a subsequent infection with a PRRSV-1 subtype 3

strain, animals were protected against a subsequent PRRSV-2 infection. The infection

protocol resulted in high serum neutralizing antibody titers against PRRSV-1 Olot/91 and

significant neutralization of heterologous PRRSV-1/-2 strains. Enriched memory B cells

isolated at the termination of the study were genetically programmed by transduction with

a retroviral vector expressing the Bcl-6 transcription factor and the anti-apoptotic Bcl-xL

protein, a technology we demonstrated efficiently converts porcine memory B cells into

proliferating antibody-secreting cells. Pools of transduced memory B cells were cultured

and supernatants containing PRRSV-specific antibodies identified by flow cytometric

staining of infected MARC-145 cells and in vitro neutralization of PRRSV-1. Collectively,

these data suggest that this experimental system may be further exploited to produce a

panel of PRRSV-specific mAbs, which will contribute both to our understanding of the

antibody response to PRRSV and allow epitopes to be resolved that may ultimately guide

the design of immunogens to induce cross-protective immunity.

Keywords: porcine reproductive and respiratory syndrome virus, B cell, antibody, heterologous protection, genetic

programming
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INTRODUCTION

Porcine reproductive and respiratory syndrome (PRRS) is the
most important infectious disease affecting the global pig
industry. PRRS viruses (PRRSV) are a major threat to both
animal welfare and food security, as demonstrated by the pig high
fever disease outbreak that rapidly spread across Southeast Asia
with devastating consequences (1). Annual losses to PRRSV in
the USA and Europe are estimated to exceed US$600 million and
e1.5 billion, respectively (2, 3). PRRSV exists as two genetically
and antigenically distinct species, PRRSV-1 and -2, which are
both rapidly evolving. The emergence of highly pathogenic
strains from both species (1, 4, 5) and the failure of current live
attenuated vaccines to provide broad protection against an ever-
expanding diversity of viral strains pose significant challenges
to effective disease control world-wide. There is therefore an
urgent requirement to explore alternative approaches to vaccine
development to combat PRRSV. Neutralizing antibodies (nAbs)
confer protection against PRRSV (6) and recent studies have
shown antibody responses can neutralize a wide diversity
of PRRSV strains (7–11). An improved understanding of
conserved antigenic targets of nAbs would enable the design of
novel vaccines.

Identification of the epitopes recognized by broadly nAbs
is an area of intense recent research in the context of a
number of highly variable human viruses. Central to this are
methods to generate and analyze the specificity of naturally
occurring monoclonal antibodies (mAbs). Recent advances in
methodologies to analyze antigen-specific B cells and their
immunoglobulin genes are now providing large numbers of
human mAbs for potential application in the design of novel
immunogens. One approach with the potential to be applied
to veterinary species, including the pig, involves the use of a
retroviral vector to constitutively express the B cell lymphoma-
6 (Bcl-6) transcription factor and the anti-apoptotic B cell
lymphoma-extra large protein 1 (Bcl-xL) in memory B cells
(12). With co-stimulation, transduced cells are converted into
proliferating, antibody-secreting cells, amenable to cloning
and analysis of their specificity in culture supernatants. This
approach has been successfully deployed to isolate human
mAbs capable of broadly neutralizing human parechovirus
(13), respiratory syncytial virus (RSV) (12) and influenza
A viruses (14), which are being used to support vaccine
development (15). Additionally, the human RSV-specific mAb
MEDI8897 (D25) is currently under clinical investigation
as a potential passive RSV vaccine for infants (16). This
approach has also been successfully used to immortalize
B cells from rabbits, mice, rats, llamas, and non-human
primates (12, 17).

The induction of nAbs recognizing the diverse array
of PRRSV in the field is a clear and important goal for
vaccine development research. We report here important
first steps with the experimental induction of broad cross-
protection and high titer PRRSV-neutralizing antibody
responses in pigs and the adaptation of a technological
system to enable the isolation of PRRSV-specific/neutralizing
porcine mAbs.

MATERIALS AND METHODS

Viruses
PRRSV-1 subtype 3 SU1-Bel and subtype 1 215-06 strains
were propagated in porcine alveolar macrophages (5). PRRSV-
2 strains KS06-72109 (18), KS62 (10), VR2332 (ATCC,
USA), and the attenuated PRRSV-1 subtype 1 strains Olot/91
(19) and Porcillis (MSD Animal Health) were propagated
in MARC-145 cells.

Experimental PRRSV Infection of Pigs
Animal work was approved by The Pirbright Institute Animal
Welfare and Ethics Committee and conducted in accordance
with the UK Animals (Scientific Procedures) Act 1986.
Ethical endpoints were in place and were not reached.
A sequential heterologous infection study was carried out
using six 12-weeks-old, PRRSV naïve, Large White/Landrace
cross, female pigs. Animals were inoculated intranasally and
intramuscularly with 106 TCID50 of PRRSV-1 Olot/91. The
pigs were then sequentially challenged at 35 day intervals
by similar inoculation with 105 TCID50 of PRRSV-1 SU1-
Bel (day 35), PRRSV-1 215-06 (day 70) and PRRSV-2 KS06-
72109 (day 105). Pigs were finally challenged with 107 TCID50

PRRSV-1 Olot/91 (day 140) and the study terminated 7
days later (day 147). Clinical signs and rectal temperatures
were measured daily and blood samples collected at weekly
intervals. Serum samples were stored at −80◦C for subsequent
analysis and heparinized blood used for isolation of peripheral
blood mononuclear cells (PBMCs), which were cryopreserved
in 10% DMSO in FBS.

PRRSV Detection by Quantitative RT-PCR
RNAwas isolated from serum using the QIAampViral RNAMini
Kit (Qiagen, Crawley, UK) and PRRSV RNAmeasured by reverse
transcription quantitative PCR (RT-qPCR; VetMAXTM PRRSV
EU & NA RT-PCR kit, Thermo Fisher Scientific, Loughborough,
UK). To determine the utility of this kit to detect the PRRSV
challenge strains, RNA was extracted from aliquots of PRRSV-
1 Olot/91, 215-06 and SU1-Bel, and PRRSV-2 KS06-72109
stocks and specific detection by the PRRSV-1 and PRRSV-2
primer/probes confirmed (data not shown).

Detection of PRRSV-Specific and
Neutralizing Antibody Responses In Serum
PRRSV nucleoprotein-specific serum antibody responses were
determined by ELISA (PrioCHECK Porcine PRRSV Ab Strip Kit,
Thermo Fisher Scientific). PRRSV-nAb titers were assessed by
incubating serial 2-fold dilutions of heat-inactivated sera with
400 TCID50 of PRRSV for 1 h at 37◦C. Virus-serum mixtures
were added to MARC-145 cells (1.5 × 104 cells/well) and after
72 h incubation, infection was assessed by immunofluorescence
using a Cytation5 Cell Imaging Multi-Mode Reader (BioTek,
Swindon, UK). nAb titers were calculated as log2 of the reciprocal
serum dilution that fully neutralized viral replication in 50% of
the wells (ND50).

Frontiers in Immunology | www.frontiersin.org 2 March 2019 | Volume 10 | Article 57259

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Goldeck et al. PRRSV-Specific Memory B Cells

Enrichment of Porcine B Cell Populations
From PBMC Using Magnetic- and
Fluorescence-Activated Cell sorting
In a pilot study, B cells from uninfected pigs were enriched
by magnetic-based cell sorting (MACSorting) for CD21+ cells.
PBMC were suspended in 25 µl/106 PBMC of CD21-PE mAb
(Clone BB6-11C9-6, Cambridge Bioscience, Cambridge, UK).
Cells were incubated at room temperature for 15min in the
dark, washed once in 2%FBS/PBS and re-suspended in 10 µl/107

PBMC of anti-PE microbeads (Miltenyi Biotec, Bisley, UK). Cells
were incubated, washed and re-suspended in 500 µl/108 PBMC
of 2%FBS/PBS with 5mM EDTA (MACS buffer). Five hundred
microliter ofMACS buffer was then used to equilibrate theMACS
MS column held within a MiniMACS magnet (Miltenyi Biotec).
A volume containing ≤1 × 107 labeled/2 × 108 total PBMC
was added to the column via a 70µm cell strainer (Thermo
Fisher Scientific), and washed three times with 500 µl MACS
buffer. The column was removed from the magnet, CD21+ cells
eluted with 3ml 2%FBS/PBS and washed once in 2%FBS/PBS.
Aliquots were taken post-labeling pre-enrichment and from the
CD21− and CD21+ fractions post-enrichment to assess CD21-
PE labeling and enrichment. Enriched CD21+ B cells were
labeled in 25 µl/106 cells with Zombie Aqua Fixable Viability
Dye (BioLegend, London, UK), biotinylated IgM (Fc) polyclonal
Ab (pAb) (Cambridge Bioscience), FITC-conjugated IgA (Fc)
pAb (Cambridge Bioscience), and FITC-conjugated IgG (Fc)
pAb (Cambridge Bioscience) by incubation at room temperature
in the dark for 15min. All antibodies were titrated to optimal
concentrations before use. Cells were washed and Brilliant Violet
421-conjugated streptavidin (BioLegend) was added 25 µl/106

cells and incubated as above. Cells were then re-suspended
in 100 µl/106 cells IMDM with GlutaMAX (Fisher Scientific)
supplemented with 2% FBS. After cells were distinguished from
debris based on their FSC-A and SSC-A and singlets selected
based on FSC-A and FSC-H, Zombie−CD21+IgM+IgG/IgA−

and Zombie−CD21+IgM−IgG/IgA+, were FACSorted using a
BD FACSAria III cell sorter (BD Biosciences, Oxford, UK)
into tubes pre-rinsed in FBS and containing 1ml IMDM
supplemented with 40% FBS. Memory B cells were enriched from
previously cryopreserved PBMC from the PRRSV-hyperimmune
pigs by staining with Zombie Near Infrared Fixable Viability
Dye (BioLegend), biotinylated IgM pAb/streptavidin-Brilliant
Violet 421, IgG-FITC pAb, IgA-FITC pAb, and IgLκ and IgLλ
mAbs (clones clone 27.2.1 and 27.7.1, Celtic Diagnostics, Dublin,
Ireland)/anti-mouse IgG1-Alexa Fluor 647 (Sigma, Poole, UK)
and FACSorting of live IgL+IgM−IgG/IgA+ B-cells using a BD
FACSAria Fusion cell sorter (BD Biosciences).

Transduction of Enriched Memory B cells
MACSorted and FACSorted B cells were suspended in IMDM
supplemented with 100 U/ml penicillin, 100µg/ml streptomycin
and 10% FBS (all Fisher Scientific; cIMDM) and plated 5
× 105 cells/well in a 24-well tissue culture plate containing
50 ng/ml (final concentration) recombinant murine IL-21 Fc
fusion protein (IL-21; AIMM Therapeutics) and 5 × 104

L cells expressing human CD40 ligand (CD40L-L cells;

AIMM Therapeutics) irradiated with 50Gy of X-rays (RS2000
Biological Irradiator, Rad Source, Suwanee, USA). After 36 h
culture at 37◦C, B cells were harvested, washed in serum-
free IMDM and transferred to 24-well non-tissue culture
treated plates pre-coated with 30µg/ml RetroNectin (Takara-
Bio, Tokyo, Japan) and blocked with 2% bovine serum
albumin. An equal volume of retroviral vector encoding
human Bcl-6, human Bcl-xL, and GFP (12) was added, the
plate centrifuged (754 × g, 45min, room temperature) and
incubated overnight at 37◦C. B cells were transferred to 24-
well tissue culture plates containing CD40L-L cells and IL-21
as described above. Transduced B cells were passaged every 3–
4 days and transduced cell growth monitored by volumetric
flow cytometry (MACSQuant Analyzer, Miltenyi Biotec). The
retroviral vector containing Bcl-6 and Bcl-xL have been
generated by a for-profit company, AIMM Therapeutics, which
makes the plasmids available. Obtaining the plasmids requires an
MTA (http://www.aimmtherapeutics.com/partnering/academic-
collaboration/) that includes financial obligations.

Assessment of Antibody Secretion by
Bcl-6/Bcl-xL Transduced Porcine B Cells
MultiScreen-IP 96-well filter plates (Merck Millipore,
Hertfordshire, UK) were prepared by prewetting with 15
µl/well of 35% ethanol, for 1min, and rinsed three times
with 150 µl PBS. 100 µl/well of porcine IgLκ and IgLλ mAbs
at 10µg/ml in sterile carbonate bicarbonate coating buffer
(Sigma) was added and incubated at 4◦C overnight. Coating
antibody was decanted, wells washed thrice with IMDM, and
the membrane was blocked by adding cIMDM and incubated
for 2 h at 37◦C. A log dilution series of transduced B cells (200,
20, and 2 cells) in cIMDM with IL-21 were added to triplicate
wells before incubation for 20 h at 37◦C. Wells were washed with
water and 0.05% Tween20 (Sigma) in PBS (wash buffer). 100
µl/well of anti-pig IgG (H&L)-horseradish peroxidase conjugate
(Cambridge Bioscience) diluted 1:5,000 in PBS was added
and incubated (3 h, room temperature). The plate was washed
five times with wash buffer before addition of AEC substrate
solution (Thermo Fisher Scientific) and incubation (1 h, room
temperature). Plates were washed with water and the membrane
dried before spots were counted using an ELISpot reader (AID
ELISpot System Classic, AID, Strassberg, Germany).

Screening of Antibodies From Bcl-6/Bcl-xL
Transduced Porcine B Cell
Culture Supernatants
“Minipool” cultures of 10–50 transduced B cells were established
in 96 well flat-bottom tissue culture plates supplemented by
addition of 4 × 103 irradiated CD40L-L cells and 50 ng/ml IL-21
twice weekly. Supernatants were harvested after 14 days culture
and the antibody concentrations were assessed by IgG and IgA
ELISA (Cambridge Biosciences). Supernatants were screened by
intracytoplasmic staining of PRRSV-1 Olot/91-infected MARC-
145 cells (20). Following secondary labeling with biotinylated
IgG (H&L) pAb (Cambridge Biosciences)/streptavidin-Brilliant
Violet 421 or Alexa Fluor 647-conjugated IgG mAb (Cohesion
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Biosciences, London, UK), cells were analyzed by flow cytometry.
Supernatants which stained infected cells were subsequently
retested by staining both uninfected and infected cells. Selected
supernatants were also simultaneously screened for PRRSV-
specific reactivity by staining amixture of infected and uninfected
cells, the latter of which had previously been labeled with 10µM
Tag-it Violet Proliferation and Cell Tracking Dye (BioLegend)
(21). Supernatants were additionally screened for neutralizing
activity against PRRSV-1 Olot/91 as described above.

Data Analysis
Flow cytometry data was analyzed using FCS Express 6 (De
Novo Software, Glendale, CA, USA), and GraphPad Prism
7.03 (GraphPad Software, La Jolla, CA, USA) was used for
graphical and statistical analysis of data. One-way ANOVAs
were conducted to compare changes in rectal temperatures, viral
RNAemia, N-protein specific Ab and PRRSV-1 Olot/91 nAb
titers over time, and, to compare nAb titers against different
PRRSV strains. Two-way ANOVAs were conducted to compare
the retroviral transduction and outgrowth of different porcine
B cell populations as well as the assessment of their antibody
secretion by ELISpot assay.

RESULTS

Outcome of Heterologous PRRSV
Challenge Infections and Kinetics of
Antibody Responses
Rectal temperatures and PRRSV RNA in serum were monitored
longitudinally following the sequential challenges with
heterologous strains spanning PRRSV-1 subtypes and PRRSV
species (Figures 1A,B). Recovery from infection with the
attenuated PRRSV-1 subtype 1 Olot/91 did not confer protection
against challenge with the PRRSV-1 subtype 3 SU1-Bel strain.
Following SU1-Bel challenge, animals experienced significantly
elevated temperatures for 3 days (days 41–43; p < 0.05) and
significant PRRSV RNAemia on days 42 and 49 (p < 0.01).
However, following recovery from SU1-Bel infection, animals
were protected against a subsequent infection with the low
virulence PRRSV-1 215-06 strain and then the moderately
virulent PRRSV-2 KS06-72109 strain. Assessment of PRRSV N
protein-specific antibodies revealed a relatively steady increase
in responses across the duration of the study. N-protein specific
antibody responses were significant compared to pre-infection
levels from day 42 (p < 0.05), however, anamnestic responses
following each challenge did not achieve statistical significance
(Figure 1C). PRRSV-1 Olot/91 nAbs were similarly assessed and
titers were significantly elevated from day 42 (p < 0.05) and
showed a significant increase in titers following the SU1-Bel
challenge infection (p< 0.05). There was no anamnestic response
after the 216-06 challenge but titers rose again after the KS06
challenge, albeit without statistical significance (Figure 1D). To
assess the breadth of the serum nAb response, the neutralization
of a panel of PRRSV strains (Figure 1E) was conducted on day
147 sera (Figure 1F). nAb titers were measurable against both
homologous and heterologous PRRSV-1 and−2 strains. The

highest nAb titers were observed against PRRSV-1 Olot/91 which
were significantly greater than those against PRRSV-1 Porcillis
and PRRSV-2 strains KS06-72109 and KS62 (p < 0.05). The
next highest nAb titers were against the heterologous PRRSV-1
Porcillis and PRRSV-2 VR2332 strains (p < 0.05) and lowest
titers were seen against PRRSV-2 KS06-7210 and KS62.

Assessment of the Genetic Programming
of Porcine B cells
In the absence of definitive discriminatory markers, porcine
memory B cells were enriched by sorting on the expression of
class-switched B cell receptors (BcR). Since there was a risk that
BcR labeling could induce cell-cycle arrest, a pilot experiment was
conducted in which B cells were sorted based on the expression
of (1) CD21, (2) IgM-BcR, or (3) IgA/IgG-BcR and transduced
with the Bcl-6/Bcl-xL/GFP retroviral vector (Figure 2A). All
three populations of transduced B cells proliferated with a
steady increase in GFP expressing B cells between day 0 and
21 post-transduction (p < 0.01). Transduction efficiency was
comparable (∼30–50%) between the populations with all cultures
approaching 100% GFP+ transduced cells by day 20 (Figure 2B).
To assess antibody secretion, transduced B cells were incubated
in ELISpot plates coated with anti-IgL and development of spots
revealed the majority of B cells from transduced cultures were
actively secreting antibodies (p < 0.01; Figure 2C).

Screening Transduced Memory B Cells
From Immune Pigs for
PRRSV-Specific Antibodies
Transduced B cells from the PRRSV-hyperimmune pigs seeded
in minipool cultures were first screened after 2 weeks culture
and shown to contain ∼850 ng/ml of IgG and IgA (Figure 3A).
Supernatants were next screened by intracytoplasmic staining
of PRRSV-1 Olot/91 infected MARC-145 cells. Whilst the
large majority of supernatants did not stain infected cells,
there were a number that showed varying degrees of staining
(Figure 3B), suggesting the presence of virus-specific antibodies.
Forty eight pools were rescreened by parallel staining of infected
and uninfected cells and a proportion of supernatants showed
evidence of specific labeling of infected cells, all of which
were confirmed as IgG specific (Figure 3C). With a view to
improving screening throughput, a third test was performed
using a pool of infected and Tag-it Violet-labeled uninfected
cells allowing for correction of non-specific binding within single
samples (Figure 3D). B cell minipools 351, 629, and 649 showed
specific labeling of the infected population whereas minipool 783
stained both infected and uninfected cells. Finally supernatants
were screened for neutralization of Olot/91 and more than 20
minipools showed evidence of virus neutralization, with three,
including minipool 783 demonstrating complete neutralization
(Figure 3E).

DISCUSSION

The aim of this study was to establish systems that would
allow the isolation of PRRSV-neutralizing mAbs from pigs
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FIGURE 1 | Outcome of sequential heterologous PRRSV challenge infection and kinetics of antibody responses. Six pigs were experimentally challenged by

inoculation of PRRSV-1 Olot/91, SU1-Bel, 215-06, PRRSV-2 KS06-72109 (KS06), and PRRSV-1 Olot/91 at 35 day intervals. Protection against PRRSV challenges

was assessed by measurement of rectal temperatures (A) and detection of PRRSV-1 (closed symbols) and PRRSV-2 (open symbols) RNA in serum samples (B).

PRRSV N protein-specific (C) and PRRSV-1 Olot/91-neutralizing antibodies (D) were measured longitudinally in serum samples. PRRSV-neutralizing serum antibodies

were assessed against heterologous PRRSV-1 and−2 strains. Phylogenetic relationships between the challenge strains and heterologous strains (indicated by *) were

assessed based on ORF5 sequences (E) and neutralizing titers determined (F).

displaying broadly nAb responses. The first step toward this
goal was the sequential infection of naïve pigs with heterologous
PRRSV strains, to promote the maturation and expansion of
B cells recognizing conserved neutralizing epitopes. Priming
the immune system with PRRSV-1 subtype 1 Olot/91 failed to
provide clinical and virological protection against the divergent
subtype 3 SU1-Bel strain, which confirms earlier reports
of limited cross-protection between these subtypes (22–24).
However, since PRRSV-1-nAb titers were still rising at the point
of SU1-Bel challenge it could be speculated that by extending
the time interval beyond 35 days we could have observed
greater cross-protection. However, following recovery from SU1-
Bel infection, animals were protected against the subsequent
challenge infections. The cross-protection against PRRSV-2 KS06
is significant since cross-protection between PRRSV species has
rarely been reported (25, 26). Assessment of PRRSV-2 nAbs at the
point of KS06 challenge did not show detectable titers (data not
shown). However, significant nAb titers against both homologous

and heterologous PRRSV-1 and−2 strains were measurable
at later time-points and it may be speculated that cross-
reactive B cell responses were expanded upon KS06 challenge.
However, dissecting this polyclonal response is required to
confirm whether such broadly reactive antibodies exist in these
animals. It is well described that animals can clear PRRSV
infection and be immune to reinfection in the absence of
measurable nAb titers, suggesting that cross-protection may
also be mediated by non-neutralizing antibody or cell-mediated
responses (27–30). Non-neutralizing antibody effector functions,
such as antibody dependent cell-mediated cytotoxicity, antibody-
dependent complement-mediated cytotoxicity, and antibody-
dependent complement-mediated virolysis, may be play roles in
PRRSV immunity. Whilst the only two published studies did
not provide evidence for these effector functions against PRRSV-
1 (31, 32), there is still merit in evaluating non-neutralizing
antibody function using the sera from these animals. Cryo-
banked longitudinal PBMC samples from these animals could
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FIGURE 2 | Assessment of Bcl-6/Bcl-xL retroviral transduction of porcine B cell populations. CD21+ B cells were enriched by MACSorting and populations of

naïve/non-class switched B cells (IgM+) and class-switched B cells (IgG/A+) isolated by FACSorting (A). Representative dot plots showing CD21, IgM, and IgG/A

BcR staining before and after sorting are presented. CD21+ B cells, IgM+ B cells, and IgG/A+ B cells were transduced with the retroviral vector expressing

Bcl-6/Bcl-xL/GFP and cultured with IL-21 and irradiated CD40L-L cells. Transduced cell outgrowth was tracked by assessment of % cells expressing GFP (B). Active

antibody secretion from transduced CD21+, IgM+, and IgG/A+ B cell cultures was confirmed by ELISpot assay (C).

be used to assess T cell responses and their cross-reactivity
against PRRSV-2.

The genetic programming of memory B cells is a highly
effective platform technology to isolate monoclonal antibodies
in a range of species (12, 17). Pilot experiments conducted with
porcine B cell populations demonstrated that the system was
working to expectation in this new species. The transduction
efficiency for porcine B cells ranged from 30 to 50%, which ismid-
range, compared to 80% for lapine B cells and 15% for camelid B
cells (17). These transduction efficiencies are important to ensure
a significant portion of the memory B cell repertoire is available
for downstream study. Initial screening of 960 transduced B cell
minipool cultures established from a single animal, provided
strong evidence that PRRSV-specific B cells could be isolated
using this technology. Intracytoplasmic staining of PRRSV-
infected cells provided an unbiased approach to detect virus
specific antibodies in transduced B cell culture supernatants.
However, the screen was limited by the PRRSV strain selected. A
recent study extended the fluorescent cell barcoding approach we
trialed to individually labeling six populations of cells transfected
with viral antigen variants (21). This allowed a quick and high-
throughput approach to determine the breadth of antibody
specificities. Retention of BcR expression on transduced B cells
means that baiting with fluorescently labeled antigen (12) may be
used to enrich for PRRSV-specific B cells, thereby significantly
reducing the requirement for high-throughput screening. As
proof-of-concept, we have shown that PRRSV-2 nsp7 tetramers
detect rare specific B cell populations from immune pigs (33).
However, the complexity of the nAb response to PRRSV and

our limited understanding means that baiting with fluorescently
tagged PRRSV virions (34) may provide a better approach.
PRRSV-1 and−2 labeled with different dyes could allow for
enrichment of mono- and pan-species specific B cells recognizing
epitopes on the virion surface.

That few PRRSV-neutralizing minipool supernatants were
identified is perhaps to be expected given the low serum nAb
titers relative to many other virus infections. The logical next
step would be to clone the B cells from these cultures to
isolate mAbs which could be screened for neutralizing activity
of PRRSV-1 and -2. A proteomic study revealed that PRRSV
virions incorporate a variety of simian proteins after replication
in MARC-145 cells (35). This raises the intriguing possibility
that cross-neutralization of PRRSV strains may, in part, be
mediated by antibodies recognizing simian antigens. This may
also explain why minipool 783 contained antibodies that bound
both infected and uninfected MARC-145 cells. To exclude
this possibility, it will be important to assess neutralization
in the context of both MARC-145 and macrophage infection.
Sequence analysis of IGH and IGL genes would enable both
their expression as recombinant mAbs and an assessment of
their divergence from putative germ line predecessors (36).
The longitudinal collection of PBMC from these pigs would
allow a retrospective sequence based analysis of the antibody
repertoire that could provide further insights into the evolution
of PRRSV-nAbs (37).

There is a dire need to explore new approaches to
PRRS vaccine development. We believe we have initiated an
innovative approach to improve our understanding of the
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FIGURE 3 | Screening of Bcl-6/Bcl-xL transduced B cell cultures for PRRSV-specific antibodies. Antibody concentrations in pooled supernatants from 768 minipool

transduced B cell cultures from a single pig (A). Following two week culture, supernatants were pooled and screened by IgG and IgA ELISA. Median fluorescence

intensity (MFI) of PRRSV-infected MARC-145 cells stained using the 768 transduced B cell minipool culture supernatants (B). Each data point represents an individual

minipool B cell supernatant. Flow cytometric staining of PRRSV-1 infected and uninfected cells by selected B cell minipool supernatants (C). Staining was assessed

using a pan-porcine Ig secondary antibody (Pig Ig) and a porcine IgG specific secondary antibody (Pig IgG) and data presented by subtraction of the MFI of uninfected

cells from the MFI of infected cells (1MFI). Each data point represents an individual minipool B cell supernatant and bars represent mean ± SD. Supernatants from five

selected minipool B cell cultures were re-screened for PRRSV-specific antibodies by staining of mixture of PRRSV-1 infected cells and uninfected cells pre-labeled

with Tag-It Violet (D). Assessment of PRRSV-1 neutralization by these selected transduced B cell minipool supernatants (E). Neutralization of PRRSV-1 Olot/91 was

assessed by immunofluorescence staining.

PRRSV-specific nAb response and isolate neutralizing mAbs.
Using these neutralizing mAbs to resolve the epitopes they
bind will underpin the future structure-based rational design of
new PRRSV immunogens. Experimental passive immunization
studies utilizing immune sera containing PRRSV-nAbs has
demonstrated this to be an effective strategy (6, 11, 38).
The accelerated discovery of human mAbs has meant that
passive immunization strategies, for diseases where effective
vaccines are lacking, is the subject of renewed interest. In
addition to administration of recombinant mAbs produced
in bioreactors, there are promising results being obtained by
administration of vectors expressing recombinant mAbs (39–
42). These vectors include mRNA, DNA and adenoviruses,

which offer advantages in delivering mAbs that are difficult to
produce and provide extended pharmacokinetics. Gene-based
passive immunization of PRRSV-neutralizing mAbs could offer
a novel, cost-effective tool in PRRS control. Our approach is
also broadly applicable to the study of antibody responses to
other swine pathogens. This includes bacteria (43) and as such
could support vaccine development that would reduce the usage
of antimicrobials in pig production. Demonstration that the
genetic programming of memory B cells is effective in the
pig, added to the list of species (rabbits, mice, rats, llamas,
and non-human primates) previously studied (12, 17), further
supports the application of this approach to other livestock or
companion animal species.
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During pregnancy, the maternal immune response changes dramatically over the course

of gestation. This has implications for generation of lactogenic immunity and subsequent

protection in suckling neonates against enteric viral infections. For example, porcine

epidemic diarrhea virus (PEDV) is an alphacoronavirus that causes acute diarrhea in

neonatal piglets. Due to the high virulence of PEDV and the naïve, immature immune

system of neonatal suckling piglets, passive lactogenic immunity to PEDV induced

during pregnancy, via the gut-mammary gland (MG)-secretory IgA (sIgA) axis, is critical

for piglet protection. However, the anti-PEDV immune response during pregnancy and

stage of gestation required to optimally stimulate the gut-MG-sIgA axis is undefined.

We hypothesize that there is a gestational window in which non-lethal PEDV infection of

pregnant gilts influences maximum lymphocyte mucosal trafficking to the MG, resulting

in optimal passive lactogenic protection in suckling piglets. To understand how the

stages of gestation affect maternal immune responses to PEDV, three groups of gilts

were orally infected with PEDV in the first, second or third trimester. Control (mock)

gilts were inoculated with medium in the third trimester. To determine if lactogenic

immunity correlated with protection, all piglets were PEDV-challenged at 3–5 days

postpartum. PEDV infection of gilts at different stages of gestation significantly affected

multiple maternal systemic immune parameters prepartum, including cytokines, B cells,

PEDV antibodies (Abs), and PEDV antibody secreting cells (ASCs). Pregnant second

trimester gilts had significantly higher levels of circulating PEDV IgA and IgG Abs and

ASCs and PEDV virus neutralizing (VN) Abs post PEDV infection. Coinciding with the

significantly higher PEDV Ab responses in second trimester gilts, the survival rate of their

PEDV-challenged piglets was 100%, compared with 87.2, 55.9, and 5.7% for first, third,

and mock litters, respectively. Additionally, piglet survival positively correlated with PEDV

67

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2019.00727
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2019.00727&domain=pdf&date_stamp=2019-04-24
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:saif.2@osu.edu
https://doi.org/10.3389/fimmu.2019.00727
https://www.frontiersin.org/articles/10.3389/fimmu.2019.00727/full
http://loop.frontiersin.org/people/619537/overview
http://loop.frontiersin.org/people/669669/overview
http://loop.frontiersin.org/people/711917/overview
http://loop.frontiersin.org/people/627676/overview
http://loop.frontiersin.org/people/679867/overview
http://loop.frontiersin.org/people/471181/overview
http://loop.frontiersin.org/people/34539/overview


Langel et al. Gestational Stage Impacts PEDV Immunity

IgA Abs and ASCs and VN Abs in milk and PEDV IgA and IgG Abs in piglet serum.

Our findings have implications for gestational timing of oral attenuated PEDV maternal

vaccines, whereby PEDV intestinal infection in the second trimester optimally stimulated

the gut-MG-sIgA axis resulting in 100% lactogenic immune protection in suckling piglets.

Keywords: swine, PEDV, pregnancy, lactogenic immunity, gut-mammary-secretory IgA axis

INTRODUCTION

Diarrheal diseases in young animals account for an estimated
multi-million dollar loss to the livestock industry annually due
to the livestock industry annually due to mortality, reduced
weight gain, treatment costs, and trade sanctions on exporting

animal products from infected countries (1, 2). For example,
porcine epidemic diarrhea virus (PEDV) is a highly virulent
re-emerging enteric coronavirus that causes acute diarrhea,
dehydration, and death in neonatal piglets (3). It has killed

over 8.5 million piglets since its emergence in the US in
2013. In adult pigs, PEDV causes watery diarrhea, depression,
and anorexia as well as agalactia and reduced reproductive
performance (1–3). Lactogenic immunity remains the most
promising and effective way to protect neonatal suckling piglets

from enteric diseases like PEDV (4, 5). This is dependent
on trafficking of pathogen-specific IgA+ plasmablasts to the
mammary gland (MG) and accumulation of secretory IgA
(sIgA) antibodies (Abs) in milk, defined as the gut-MG-sIgA
axis (6–8). Understanding the regulation of mucosal homing
receptor and chemokine expression is critical to generate

sufficient lactogenic immunity for piglet protection. For example,
chemokine receptor (CCR)10, a lymphocyte gut homing marker,
is required for IgA+ plasmablast recruitment to the MG in mice
and humans (9–11). Additionally, an increase in lymphocyte
migration to the MG in swine at the end of gestation and during
lactation coincides with an increase in α4β7 integrin, another
lymphocyte gut homing marker, on B cells (12). Identifying
factors that influence lymphocyte migration and the gut-MG-
sIgA axis may lead to improved PEDV vaccine regimens in
gestating swine, boosting overall herd immunity and health and
industry productivity.

Maternal vaccination that increases the amount of passively
transferred protective Abs in milk, induced via the gut-MG-
sIgA axis, is the strategy used to protect suckling piglets
from PEDV immediately after birth (4, 5). For example, in
swine, high rates of protection against another porcine enteric
alphacoronavirus, transmissible gastroenteritis virus (TGEV) in
piglets is achieved when pregnant sows are orally infected with
live virulent virus (5–7, 13–15). The increased rate of protection
was associated with high titers of IgA Abs in colostrum and
milk. This demonstrates that enteric viral infection stimulates
the intestinal mucosa influencing lactogenic immunity via the
gut-MG-sIgA axis (4, 5). This model system can be used in
the context of PEDV, as similar maternal vaccination strategies
are needed for initiation of the gut-MG-sIgA axis and piglet
protection (4, 12, 16, 17). We showed previously in third
trimester pregnant gilts that administering a higher dose of

virulent PEDV increased virus neutralizing (VN) Ab titers in
colostrum/milk and piglet protection compared with a lower
dose (4). Despite this, field reports demonstrate incomplete and
variable protection in orally PEDV-infected gestating swine (4).
Furthermore, the optimal stage of gestation to initiate the gut-
MG-sIgA axis bymeans of natural infection or oral vaccination in
naïve pregnant swine to generate protective lactogenic immunity
is unknown.

Pregnancy modulates immunological processes that change
over the course of gestation (18). For example, during the first
trimester of gestation, levels of innate and proinflammatory
factors increase, facilitating embryo implantation (19, 20). As
pregnancy progresses, inflammatory cytokines decrease and
regulatory cells and cytokines increase to support fetal growth
and development to prevent rejection of the fetus (21–24).
In the third trimester of gestation, the immunoregulatory
environment is retained until immediately prior to parturition
when proinflammatory and tissue repair factors increase,
promoting the contraction of the uterus and expulsion of the
fetus and placenta (18). The ability of pregnancy to differentially
modulate the immune response explains why the severity of
illness and efficacy of vaccination is dependent on stage of
gestation. For example, the risk and severity of influenza
(25), malaria (26), and listeria (27) is higher for women in
their third trimester than other gestational stages. Additionally,
in women vaccinated with the trivalent inactivated influenza
vaccine, seroconversion rates were higher in late third trimester
compared with first trimester-vaccinated women (28). Due to
the differences in immune responses at different stages of
pregnancy, it is important to consider stage of gestation when
designing vaccines aimed to increase lactogenic immunity and
passive transfer of protective Abs in colostrum/milk frommother
to neonate.

In this study, we infected pregnant first parity gilts in their
first, second and third trimesters of gestation with PEDV to
determine the impact of stage of gestation on generation of
maternal B-cell immunity, the gut-MG-sIgA axis and lactogenic
immune protection in PEDV challenged piglets. Our goal was to
identify innate and adaptive immune factors during pregnancy
that influence lymphocyte trafficking, in addition to immune
correlates of lactogenic immune protection in neonatal suckling
piglets. Understanding the impact of stage of gestation at PEDV
infection or exposure on maternal immunity will allow more
precise maternal vaccination protocols to target the time when
the animal is most immunologically responsive. Optimizing
vaccine efficacy for gestating and lactating animals will enhance
lactogenic immunity in neonates and decrease morbidity and
mortality associated with neonatal enteric disease.
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RESULTS

Overall Summary of Results and
Significance for the Major Immune and
PEDV Protection Parameters Assessed
An overall summary of the statistically significant results
(Table 1) illustrates that PEDV infection of gilts at different

stages of gestation (Figure 1) affects multiple maternal systemic

immune parameters prepartum, including natural killer (NK)
cells, cytokines, B cells, and PEDV Abs and antibody secreting

cells (ASCs). In addition, significant postpartum effects on
lactogenic immune parameters in colostrum and milk were

observed including significantly increased PEDV IgA (colostrum
and milk) and IgG (colostrum only) ASCs and PEDV IgA Abs
and VN Abs in PEDV-infected second trimester gilts (Table 1).

Notably several gilt [PEDV IgA (colostrum and milk) and
IgG (colostrum only) ASCs, Abs, and VN Abs] and piglet

(serum PEDV IgA and IgG Abs) parameters were positively
correlated with piglet survival rates (Table 2), demonstrating
the association between IgA ASCs and Abs and VN Abs
and lactogenic immune protection of suckling neonates. The
detailed results for each parameter are described in the
following sections.

Third Trimester Gilts Had Significantly
Higher PEDV RNA Shedding Titers and
More Severe PEDV-Induced Diarrhea
Third trimester gilts had significantly higher PEDV RNA
shedding titers at PID 2 compared with second trimester gilts
(Figure 2A). Additionally, second trimester gilts had delayed
onset of PEDV RNA shedding compared with first and
third trimester gilts. Fecal consistency scores at PID 4 were
significantly higher in third compared with second and first
trimester gilts and third trimester gilts were the only treatment

TABLE 1 | Overall summary of results and significance for the major immune and PEDV protection parameters assessed.

Parameter Result Immune response,

site

Significance

I. MATERNAL IMMUNITY (PREPARTUM)

Gilt blood natural killer (NK) cell frequency

and activity

1st trimester gilts had significantly higher mean

NK cell frequencies and cytotoxic activity

Innate, systemic NK cell frequency/activity in blood may

modulate PEDV specific B cell response in 1st

trimester gilts

Gilt serum transforming growth factor

(TGF)-β concentration

2nd trimester gilts had significantly higher mean

concentrations of serum TGF-β

T regulatory cytokine,

systemic

Elevated serum TGF-β in 2nd trimester gilts

may enhance PEDV B cell/antibody (Ab)

responses

Gilt blood α4+β7+ B cell frequency 2nd and 3rd trimester gilts had significantly

higher mean frequencies of blood α4+β7+ B

cells

B cell, systemic Increased circulating frequencies of α4+β7+ B

cells in 2nd/3rd trimester gilts may facilitate

trafficking to the mammary gland

Gilt blood CD2−CD21+ B cell frequency 2nd and 3rd trimester gilts had significantly

higher mean frequencies of blood

CD2−CD21+ (activated and/or primed) B cells

B cell, systemic Circulating frequencies of CD2−CD21+ B cells

increase with gestational stage and may

influence B cell activation/survival

Gilt blood PEDV IgA and IgG antibody

secreting cells (ASCs)

2nd trimester gilts had significantly higher

blood mean PEDV IgA and IgG ASCs

B cell, systemic Increased blood PEDV IgA and IgG ASCs in

2nd trimester gilts is associated with ASC

trafficking to the mammary gland

Gilt blood PEDV IgA, IgG, and virus

neutralization (VN) Abs

2nd trimester gilts had significantly higher mean

serum PEDV IgA, IgG and VN Abs

B cell/Abs, systemic Increased serum PEDV IgA, IgG, and VN Ab in

2nd trimester gilts is associated with Ab

accumulation in colostrum/milk

II. LACTOGENIC IMMUNITY (POSTPARTUM)

Gilt colostrum/milk PEDV IgA and IgG

ASCs

2nd trimester gilts had significantly higher mean

PEDV IgA (in colostrum/milk) and IgG (in

colostrum) ASCs

B cell, colostrum/milk Increased PEDV IgA (colostrum/milk) and IgG

ASCs (colostrum) in 2nd trimester gilts is

correlated with lactogenic immune protection in

piglets

Gilt colostrum/milk PEDV IgA and VN Abs 2nd trimester gilts had significantly higher mean

colostrum/milk PEDV IgA and VN Abs

B cell/Abs,

colostrum/milk

Increased colostrum/milk PEDV IgA and VN

Abs in 2nd trimester gilts is correlated with

lactogenic immune protection in piglets

III. PIGLET PROTECTION (POSTPARTUM)

Piglet survival rate 2nd trimester litters had 100% survival rate Piglet PEDV protection Piglet survival rates were positively correlated

with PEDV IgA ASCs and Abs and VN Abs in

milk

Piglet PEDV RNA shedding titers and fecal

consistency

2nd trimester litters had significantly lower

mean PEDV RNA shedding titers and fecal

consistency

Piglet PEDV protection,

intestine

Increased lactogenic immune protection

decreased viral shedding and diarrhea in 2nd

trimester litters

Piglet serum IgA and IgG Abs 2nd trimester litters had significantly higher

mean serum PEDV IgA and IgG Ab titers

B cell/Abs, systemic Increased piglet serum IgA and IgG Abs

positively correlated with survival rates
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FIGURE 1 | Schematic diagram of the experimental design showing gilt porcine epidemic diarrhea virus (PEDV) infection and sample time points at post infection day

(PID) 0, 6–8, 12–17 and gestation day (GD) 82–95, 98–102, and 104–114, (B) piglet PEDV challenge at 3–5 postpartum day (PPD) and sample time points at PPD

3–5 (PCD [post challenge day] 0), PPD 8–14 (PCD 5–9), PPD 15–22 (PCD 12–17), and PPD 24–34 (PCD 21–29).

TABLE 2 | Spearman’s non-parametric correlations between piglet survival rate

and numbers of PEDV IgA and IgG antibody secreting cells (ASCs) and

log10-transformed PEDV IgA, IgG, and virus neutralizing (VN) antibody (Ab) titers

in colostrum, postpartum day (PPD) 3–5 milk, PPD 8–14 milk, and PPD 15–22

milk in first, second, and third trimester PEDV-infected gilts.

PEDV

IgA

ASCs

PEDV

IgG

ASCs

PEDV

IgA Abs

PEDV

IgG Abs

PEDV

VN Abs

Colostrum r 0.71 0.76 0.83 0.29 0.60

P-value 0.0097 0.01 0.0005 0.33 0.03

PPD 3-5 milk r 0.61 0.55 0.38 0.50 0.56

P-value 0.04 0.051 0.22 0.10 0.06

PPD 8-14

milk

r 0.77 0.55 0.73 0.17 0.68

P-value 0.0019 0.07 0.0067 0.59 0.02

PPD 12-22

milk

r 0.44 0.42 0.32 −0.50 0.61

P-value 0.15 0.20 0.33 0.10 0.048

*P < 0.05, **P < 0.01, ***P < 0.001.

group with clinical diarrhea (mean fecal consistency score of
>1) (Figure 2B).

Stage of Gestation Modulated Innate
Immune Parameters
Circulating NK cell frequencies were significantly higher in
first trimester gilts at PID 0 compared with second or third
trimester gilts (Figure 3A). At PID 6-8, peripheral NK cell
activity was significantly higher in first compared with second
and third trimester gilts (Figure 3B). Mean concentrations of
serum IL-12, a cytokine essential for NK cell activation (29)
and IL-22, a cytokine produced by subsets of T and NK cells
(30–32), were numerically higher at PID 0 in first compared
with second and third trimester gilts (Figures 3C,D). It is
unlikely changes in serum cytokine concentrations were due
to T cells as the frequency of circulating CD4+ or CD8+

cells did not significantly differ between treatment groups
(data not shown). Third trimester gilts had numerically higher
mean concentrations of serum proinflammatory cytokines tumor
necrosis factor (TNF)-α, interferon (IFN)-α and IL-17 at

PID 12–17 compared with first and second trimester gilts
(Figures S3A–C). This time point corresponds to gestation
day (GD) 104–114 in third trimester gilts, suggesting innate,
and proinflammatory cytokines increase immediately prior to
parturition in swine, as demonstrated in human pregnancy
(33–36). Additionally, third trimester gilts had numerically
higher mean serum concentrations of T-helper cell type-1 (Th1)
cytokine IFN-γ while first trimester gilts had numerically higher
mean serum Th2 and T regulatory cytokines IL-4 and IL-10,
respectively, compared with second and third trimester gilts at
PID 6–8 (Figures 3SD–F).

Second Trimester Gilts Had Significantly
Higher Circulating PEDV Specific IgA and
IgG ASCs, PEDV IgA Abs, and
Concentrations of Serum Cytokine
Transforming Growth Factor (TGF)-β
Maternal B-cell immune responses were measured at PID 0, 6–
8, and 12–17 in first, second and third trimester gilts. Second
trimester gilts had significantly higher circulating PEDV IgA and
IgG ASCs at PID 12–17 compared with first and third trimester
gilts (Figures 4A,B). Additionally, numbers of circulating PEDV
IgA ASCs were consistently higher than PEDV IgG ASCs in
first, second and third trimester gilts at PID 6–8 and 12–17
(Figures 4A,B). PEDV IgA Ab titers were significantly higher
in second trimester gilts at PID 6–8 compared with first
trimester gilts (Figure 4C). Serum TGF-β, a cytokine important
for IgA class-switching (37), was significantly higher at PID
0 and remained numerically higher at PID 6–8 and 12–17 in
second compared with first and third trimester gilts (Figure 4D).
Serum IL-6, a cytokine essential for Ab production (38), was
numerically higher at PID 0 and 6–8 in second trimester
compared with first and third trimester gilts (Figure 4E). No
significant differences were observed for serum PEDV IgG or
VN Ab titers within the first 2 weeks post-PEDV infection but
there was a trend for higher mean titers in second trimester
gilts (Figures S4A,B).
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FIGURE 2 | Third trimester gilts had significantly higher porcine epidemic diarrhea virus (PEDV) RNA shedding titers at post infection day (PID) 2 compared with

second trimester gilts and significantly greater PEDV-induced diarrhea at PID 4 compared with first and second trimester gilts. (A) PEDV RNA shedding titers were

determined by real time quantitative polymerase chain reaction (qRT-PCR) and expressed as log10 copies/ml. (B) Diarrhea was determined by fecal consistency score

>1 (fecal consistency was scored as follows: 0, normal; 1, pasty/semiliquid; 2, liquid; 3, watery). PEDV RNA shedding titers and fecal consistency scores were

measured at PID 0, 2, 4, 6, 10, and 14. Different letters indicate significant differences among treatment groups at the same time point (mean ± SEM). Statistical

analysis was performed using the two-way ANOVA with repeated measures and Bonferroni’s correction for multiple comparisons.

FIGURE 3 | Peripheral natural killer (NK) cell frequency and function and serum interleukin (IL)-12 and IL-22 concentrations were increased in first compared with

second and third trimester gilts. (A) Peripheral blood mononuclear cells (PBMCs) were isolated and NK cell (CD3−, CD172−, CD8+) frequencies were determined by

flow cytometry at post infection day (PID) 0, 6–8, and 12–17. (B) PBMCs and CFSE-stained K562 tumor cells were used as effector and target cells, respectively, and

co-cultured at 10:1 5:1 and 1:1 ratios to assess NK cell cytotoxic function at PID 6–8. (C) Serum cytokine concentrations (pg/ml) of IL-12 and (D) IL-22 were

measured at PID 0, 6–8, and 12–17. Asterisks indicate significant differences among treatment groups (mean ± SEM). Statistical analysis was performed using the

Student’s t-test (B) or two-way ANOVA with repeated measures and Bonferroni’s correction for multiple comparisons (A,C,D). *P < 0.05, **P < 0.01.
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FIGURE 4 | Second trimester gilts had significantly increased circulating PEDV specific IgA and IgG antibody secreting cells (ASCs) at post infection day (PID) 12–17,

PEDV specific IgA antibodies (Abs) at PID 6–8 and concentrations of transforming growth factor (TGF)-β at PID 0 compared with first and third trimester gilts. (A)

Peripheral blood mononuclear cells (PBMCs) were isolated and added to PEDV ELISPOT plates to determine the PEDV specific IgA and (B) IgG ASCs. (C) Serum

PEDV IgA Ab titers and cytokine concentrations (pg/ml) of (D) TGF-β and (E) interleukin (IL)-6 were determined by ELISA. Gilts were sampled at PID 0, 6–8, and

12–17. Asterisks indicate significant differences among treatment groups at the same time point (mean ± SEM). Statistical analysis was performed using the two-way

ANOVA with repeated measures and Bonferroni’s correction for multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001.

Second Trimester Gilts Maintained
Significantly Higher Levels of PEDV
Specific ASCs and Abs Throughout
Gestation
To standardize ASC and Ab responses among gilt treatment
groups at uniform GDs, circulating PEDV IgA and IgG ASCs,
Abs and VN Abs were compared at GD 82–95, 98–102, and 104–
114 in first, second, and third trimester PEDV-infected gilts and
third trimester mock gilts. Second trimester gilts had significantly
higher circulating PEDV IgA and IgG ASCs at GD 82–95
and 98–102 and compared with first and third trimester gilts
(Figures 5A,B). PEDV IgA ASCs were consistently higher than
PEDV IgG ASCs in blood in first, second and third trimester gilts
at GD 82–95, 98–102, and 104–114 (Figures 5A,B). Additionally,
circulating PEDV IgA and IgG ASCs in first and second trimester
gilts continually decreased in the 3 weeks prior to parturition,
demonstrating parturition related or time post-infection effect
on circulating PEDV IgA and IgG ASCs. This was not observed
in third trimester gilts whose elevated numbers of PEDV IgA
(numerically) and IgG (significantly) ASCs at GD 104–114
(Figures 5A,B) corresponded with PEDV RNA shedding in the
feces at PID 6–8 and 12–17 (Figure 2A). Second trimester gilts
had significantly higher serum PEDV IgA Ab titers compared
with first trimester gilts at GD 82–95, 98–102, and 104–114
and third trimester gilts at GD 82–95 and 98–102 (Figure 5C).

Serum PEDV IgG Ab titers were significantly higher in second
compared with first trimester gilts at GD 82–95 and 104–114
and third trimester gilts at GD 82–95 and 98–102 (Figure 5D).
Similarly, PEDV VNAb titers were significantly higher in second
compared with first trimester gilts at all time points but only
significantly higher than third trimester gilts at GD 82–95 and
98–102 (Figure 5E).

Stage of Gestation Modulated Phenotypes
of Gut Homing Circulating B
Lymphocytes Prepartum
Mean frequencies of circulating α4+β7+ (gut homing phenotype)
B lymphocytes in second and third trimester gilts were
significantly higher compared with first trimester gilts at
PID 0 and 6–8 (Figure 6A). Additionally, first trimester gilts
had a delayed increase in α4+β7+ B lymphocyte frequencies
in blood post PEDV infection (Figure 6A). Frequencies of
α4+β7+ B lymphocytes were standardized among gilt treatment
groups at uniform GDs in late pregnancy (Figure 6B). Third
trimester gilts had numerically elevated frequencies of circulating
α4+β7+ B lymphocytes (Figure 6B) at GD 98–102 and 104–114
corresponding with PEDV RNA shedding in the feces at PID 6–
8 and 12–17 (Figure 2A). The mean frequencies of circulating
chemokine receptor type 10 (CCR10+) B lymphocytes were also
measured post PEDV infection (Figure 6C) and standardized
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FIGURE 5 | Second trimester gilts maintained elevated circulating PEDV specific IgA and IgG antibody secreting cells (ASCs) and serum PEDV specific IgA, IgG and

virus neutralizing (VN) antibodies (Abs) in late pregnancy. (A) Peripheral blood mononuclear cells (PBMCs) were isolated and added to PEDV ELISPOT plates to

determine the PEDV specific IgA and (B) IgG ASCs. (C) Serum PEDV IgA and (D) IgG Abs were determined by ELISA while (E) serum PEDV VN Ab responses were

determined by VN Ab assay. Gilts were sampled at gestation day (GD) 82–95, 98–102, and 104–114. Asterisks indicate significant differences among treatment

groups at the same time point (mean ± SEM). Statistical analysis was performed using the two-way ANOVA with repeated measures and Bonferroni’s correction for

multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001.

among gilt treatment groups at uniform GDs in late pregnancy
(Figure 6D). No statistical differences among treatment groups
were observed at PID 0, 6–8 or 12–17 (Figure 6C). However,
third trimester gilts had significantly higher frequencies of
circulating CCR10+ B lymphocytes at GD 98–102 (PID 6–
8) compared with second and first trimester and mock gilts
(Figure 6D). The increase in circulating CCR10+ B lymphocytes
at GD 98–102 corresponded to peak PEDV RNA shedding titers
at PID 6–8 (Figure 2A) in third trimester gilts. Additionally,
significantly higher frequencies of activated B lymphocytes
[CD2−CD21+ (39)] were observed in the blood of second and
third compared with first trimester gilts at PID 0, 6–8, and
12–17 (Figure 6E).

Second Trimester PEDV-Infected Gilts
Provided Optimum Lactogenic Immune
Protection Resulting in 100% Piglet
Protection
To determine the effect of stage of gestation at time of
PEDV infection on lactogenic immune protection, piglets were
challenged with PEDV at 3–5 days of age. The number of

viable piglets born were not statistically significant between
treatment groups (Figure S5). Second trimester PEDV infection
of gilts resulted in 100% survival of PEDV challenged
piglets (Figure 7A). First trimester gilts provided intermediate
protection (87.2% survival) while third trimester gilts provided
the least amount of protection (55.9% survival) among PEDV-
infected gilts. Mock piglet’s survival rate (5.7%) was significantly
lower than all other treatment groups. Comparison of piglet
weight gain revealed second trimester litters gained significantly
more weight than all other treatment groups starting at post
challenge day (PCD) 4 and lasting throughout the experiment
(Figure 7B). First trimester litters had significantly higher
normalized weights than third trimester litters at PCD 6, 7,
and 9, but were similar thereafter. Mock litters were stunted
(decreased or no weight gain) from PCD 1–7 and had the lowest
normalized weights throughout the study. Lactogenic immune
protection coincided with decreased PEDV RNA shedding titers
where mean peak titers were 6.1 ± 0.2 log10 copies/ml, 7.8
± 0.3 log10 copies/ml, 9.1 ± 0.3 log10 copies/ml, and 10.1
±.2 log10 copies/ml for second, first, third, and mock litters,
respectively (Figure 7C). Corresponding to increased weight gain
and decreased PEDV RNA shedding titers, diarrhea scores were
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FIGURE 6 | Stage of gestation modulated circulating frequencies of B cell phenotypes prepartum. Peripheral blood mononuclear cells (MNCs) were isolated and

analyzed at post infection day (PID) 0, 6–8 and 12–17 and gestation day (GD) 82–95, 98–102, and 104–114 for mean frequencies of α4+β7+ (A,B) and chemokine

receptor type 10 (CCR10+) (C,D) B cells. Additionally, (E) primed and/or activated B lymphocytes (CD2−CD21+) were analyzed at PID 0, 6–8, and 12–17. Asterisks

indicate significant differences among treatment groups at the same time point (mean ± SEM). Statistical analysis was performed using the two-way ANOVA with

repeated measures and Bonferroni’s correction for multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001.

significantly lower in second trimester litters throughout the
study (Figure 7D). While first trimester litters had diarrhea, it
was delayed and significantly lower than third trimester litters
at PCD 2–5. Mock litters had diarrhea immediately at PCD 1,
lasting through PCD 11 and diarrhea scores were significantly
higher than all other treatment groups. Gilt mean PEDV RNA
shedding titers and fecal consistency scores were measured post
piglet challenge. Mock gilt PEDV RNA shedding titers were
significantly higher at PCD 2–7 than first, second and third
trimester PEDV-infected gilts and remained numerically higher
until PCD 17 (Figure S6A). Additionally, first trimester gilt
PEDV RNA shedding titers peaked at PCD 4, earlier compared
with second and third trimester gilts (Figure S6A). Mock gilt
fecal consistency scores were significantly higher at PCD 5–11
compared with first, second and third trimester PEDV-infected
gilts (Figure S6B). Diarrhea was not observed in previously
PEDV-infected gilts post piglet challenge (Figure S6B).

Second Trimester Litters Had the Highest
Titers of Circulating PEDV IgA and IgG Abs
Positively Correlating With Survival Rate
Protection Post PEDV Challenge
We evaluated the serum titers of piglet PEDV IgA and IgG
Abs. Second trimester litters had significantly higher titers of

circulating PEDV IgA Abs (Figure 8A) compared with first
trimester litters at PCD 5–9 and PEDV IgG Abs at PCD 5–9 and
12–17 (Figure 8B). Additionally, compared with third trimester
litters, second trimester litters had higher titers of PEDV IgA Abs
at PCD 0 and 5–9 (Figure 8A) and PEDV IgG Abs at PCD 0
(Figure 8B). First trimester litters had significantly higher PEDV
IgA and IgG Ab titers at PCD 0 compared with third trimester
litters (Figures 8A,B). Lastly, circulating PEDV IgA and IgG Abs
at PCD 0 were positively correlated with survival rates post piglet
PEDV challenge (Figures 8C,D).

Piglet Survival Rates Post PEDV Challenge
Correlated With Increased PEDV IgA ASCs
and Abs and VN Abs in Milk
In colostrum, PEDV IgA and IgG ASCs were significantly
higher in second compared with first and third trimester gilts
(Figures 9A,B). However, in milk only PEDV IgA ASCs were
significantly higher at postpartum day (PPD) 8–14/PCD 5–9 in
second trimester gilts compared with all other treatment groups
(Figure 9A). While PEDV IgA ASCs were maintained at high
numbers in milk throughout lactation, milk PEDV IgG ASCs
decreased significantly throughout the study (Figures 9A,B).
Similar to ASCs, PEDV IgA and IgGAbs were significantly higher
in the colostrum of second compared with first (IgA and IgG) and
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FIGURE 7 | Second trimester PEDV-infected gilts provided optimum lactogenic immune protection compared with first and third trimester and mock gilts. (A)

Kaplan-Meier survival curve of first, second and third trimester and mock litters at post challenge day (PCD) 0–14. (B) Normalized weight gain of first, second and third

trimester PEDV-infected and mock litters at PCD 0–15. Weights were normalized by dividing the daily weight (lbs.) by PCD 0 weight (lbs.). (C) Piglet PEDV RNA

shedding titers were determined by real time quantitative polymerase chain reaction (qRT-PCR) and expressed as log10 copies/ml. (D) Piglet diarrhea was determined

by fecal consistency score >1 (fecal consistency was scored as follows: 0, normal; 1, pasty/semiliquid; 2, liquid; 3, watery). Piglet diarrhea scores and PEDV RNA

shedding titers were measured at PCD 1–7, 9, 11, 13, 15, and 17. Different letters indicate significant differences among treatment groups at the same time point

(mean ± SEM). Statistical analysis was performed using the two-way ANOVA with repeated measures and Bonferroni’s correction for multiple comparisons.

third trimester (IgA) gilts (Figures 9C,D). Additionally, PEDV
VN Ab titers were significantly higher in colostrum in second
compared with third trimester gilts (Figure 9E). After PEDV
piglet challenge (PPD 8–14/PCD 5–9), PEDV IgA Ab titers in
milk were significantly higher in second compared with third
trimester gilts while PEDV IgG Ab titers were significantly higher
in second compared with first trimester gilts (Figures 9C,D).
Lastly, PEDV VN Ab titers were significantly higher in milk
at PPD 8–14/PCD 5–9 compared with first and third trimester
gilts (Figure 9E). We observed a significant correlation between
PEDV IgA and IgG ASCs, and IgA and VN Abs in colostrum
and piglet survival (Table 2). However, in mid and late lactation
milk, only PEDV IgA ASCs, and IgA and VN Abs were
significantly correlated with piglet survival. No significant (P <

0.05) correlations were observed between milk IgG ASCs or Abs
and piglet survival (Table 2). These correlations are consistent
with our hypothesis that IgA ASC and Ab titers in milk are
responsible for lactogenic immune protection in neonatal piglets
against PEDV challenge.

PEDV Antibody+ Cells Increased in the MG
Post PEDV Challenge
Third trimester gilts had lowermean numbers of PEDVAb+ cells
in theMG (2.7± 0.7) per microscopic field (30×) compared with
second (6.1± 3.2) and first (6.9± 1.4) trimester gilts at GD 104–
114 (Figure S7). There were no PEDV Ab+ cells in the MG of
mock gilts prepartum (GD 104–114). This suggests that while
not significantly different, the mean numbers of PEDV Ab+ cells
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FIGURE 8 | Second trimester litters had the highest peak titers of circulating PEDV IgA and IgG antibodies (Abs) correlating with piglet protection post PEDV

challenge. (A) Serum PEDV IgA and (B) IgG Ab responses were determined by PEDV ELISA assay. Piglet survival rates were significantly positively correlated with

circulating PEDV (C) IgA and (D) IgG Abs at post challenge day (PCD) 0. Piglets were sampled at PCD 0, 5–9, 12–17, and 21–29. Asterisks indicate significant

differences among treatment groups at the same time point (mean ± SEM). Statistical analysis was performed using the two-way ANOVA with repeated measures

and Bonferroni’s correction for multiple comparisons (A,B) or Spearman’s non-parametric correlation (C,D). *P < 0.05, **P < 0.01, ***P < 0.001.

in the MG may be reflective of levels of PEDV ASCs and Abs
in colostrum. For example, third trimester gilts had the lowest
mean number of PEDV Ab+ cells per microscopic field in the
MG prepartum coinciding with the lowest mean numbers of IgA
and IgG ASCs and mean titers of PEDV IgA and VN Abs in
colostrum. PEDV Ab+ cells were also observed in the lactating
MG at PCD 5–9. First, second and third trimester PEDV-infected
gilts had significantly higher numbers of PEDV Ab+ cells per
microscopic field in theMG compared withmock gilts post piglet
challenge (Figure S7).

PEDV Exposure Post Piglet Challenge
Differentially Affects MG, Spleen,
Mesenteric Lymph Node, and Ileum ASC
Responses of Gilts
The highest mean numbers of PEDV IgA ASCs were in the
ileum while the highest mean numbers of PEDV IgG ASCs
were in spleen and ileum (Figures S8A,B). Second trimester gilt
mean numbers of IgA and IgG ASCs were significantly higher
in the ileum than third and first trimester gilts, respectively.
However, mock gilts had similar or higher mean numbers
of IgA and IgG ASC in the spleen, mesenteric lymph node
(MLN), and ileum compared with first, second, and third

trimester gilts (Figures S8A,B), corresponding to higher PEDV
RNA shedding titers in feces and PEDV-induced diarrhea of
mock gilts (Figures S6A,B). Due to the high mortality rate
of mock litters (Figure 7A), the MGs of mock gilts regressed
rapidly post piglet challenge (40). There was not enough
MG tissue left at PCD 21–29 to collect MG MNCs for
ASC analysis.

DISCUSSION

Diarrheal disease represents a major global health burden and is
the leading cause of morbidity and mortality in young children
and animals. Specifically, the emergence of PEDV in the US in
2013 led to over 8.5 million piglet deaths and an estimated multi-
million-dollar loss to the US swine industry (3, 41). Maternal
vaccination that enhances passively transferred protective Abs in
milk, induced via the gut-MG-sIgA axis, is the major strategy to
protect neonatal suckling piglets immediately after birth (4, 5).
However, due to the biological and immunological differences
at each stage of pregnancy (18), the optimum time to induce
maternal immunity and the gut-MG-sIgA axis was previously
undefined. Here, we evaluated the impact of stage of gestation
at PEDV infection on the maternal immune response, the
generation of PEDV-specific ASCs and Abs in serum and milk
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FIGURE 9 | Second trimester gilts had significantly increased circulating PEDV specific IgA and IgG antibody secreting cells (ASCs), PEDV IgA and IgG antibodies

(Abs) and PEDV virus neutralizing (VN) Abs in colostrum/milk. (A) Milk mononuclear cells (MNCs) were isolated and added to PEDV ELISPOT plates to determine the

PEDV specific IgA and (B) IgG ASCs. Whey PEDV (C) IgA and (D) IgG Abs were determined by ELISA while (E) whey PEDV VN Ab responses were determined by VN

Ab assay. Gilts were sampled at postpartum day (PPD) 0, 3–5 (post challenge day [PCD] 0), 8–14 (PCD 5–9), and 15–22 (PCD 12–17). Asterisks indicate significant

differences among treatment groups at the same time point (mean ± SEM). Statistical analysis was performed using the two-way ANOVA with repeated measures

and Bonferroni’s correction for multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001.

and the protective effects of lactogenic immunity on PEDV-
challenged piglets.

A major finding of our study is that PEDV infection in
the second trimester was the optimum stage of gestation to
generate the highest maternal immune responses in blood
and milk correlating to 100% lactogenic immune protection
in PEDV challenged suckling piglets (Table 1). For example,
second trimester gilts had the highest peak levels of circulating
PEDV IgA and IgG ASCs and Abs and VN Abs prior to
parturition. Interestingly, this coincided with higher serum
cytokine concentrations of TGF-β (significantly) and IL-6
(numerically) at PID 0 in second trimester gilts. TGF-β a cytokine
produced by multiple lineages of leukocytes and stromal cells
(42), is required for IgA class switch recombination (43) and
IgA+ B cell survival in the lamina propria (44). Additionally, IL-
6 promotes Ab production by increasing B cell helper capacity
of CD4+ T cells (38). Our data support previous research
demonstrating increased serum TGF-β in women during the
second trimester (45) correlating with increased Ab titers (46).
The increased serum TGF-β and IL-6 at PEDV infection in
second trimester gilts likely contributed to the enhanced anti-
PEDV maternal immune responses.

Despite being PEDV-infected 5 weeks earlier, first trimester
gilts generated a lower maternal immune response during
gestation compared with second trimester gilts (Table 1). This
suggests stage of gestation dependent differences in immune
parameters may contribute to differential induction of the
humoral immune response during PEDV infection (47, 48).
The increase in NK cell frequencies at PID 0 in first compared
with second and third trimester gilts (first trimester, GD 19–22;
second trimester, GD 57–59; and third trimester, GD 96–97) is
in agreement with previous studies reporting increased numbers
of cytotoxic peripheral NK cells in first trimester women and
swine (49–51). Furthermore, the significantly higher circulating
NK cell cytotoxicity at PID 6–8 coincided with enhanced mean
concentrations of serum IL-12 and IL-22, NK cell activation, and
proliferation cytokines, at PID 0 in first trimester gilts (29, 52–
54). Increased peripheral and decidual NK cell frequencies and
lytic activity during the first trimester are thought to support
maternal tissue remodeling during embryo implantation in swine
and humans (20, 51, 55, 56). Additionally, NK cells are known
to modulate B cell immunity (57, 58). Therefore, the unique
immune environment during the first trimester may impact
B cell responses to PEDV infection in pregnant gilts. Future
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studies investigating the effects of NK cells on the maternal
immune response during an enteric viral infection in gilts
are warranted.

We also hypothesized that stage of gestation would impact
B cell phenotypes pre and post PEDV infection. For example,
lymphocyte α4+β7+ integrin is a mucosal adhesion molecule
responsible for cellular migration in the intestinal mucosa
and lymphoid tissue by interacting with its receptor mucosal
addressin cellular adhesion molecule 1 (MAdCAM-1) (59–62).
Circulating α4β7+ lymphocytes reflect the intestinal tissue in
which they were primed (63) andmay influence the gut-MG-sIgA
axis. The significantly higher frequencies of α4+β7+ B cells at
PID 0 and 6–8 in second and third trimester, compared with first
trimester gilts (Table 1), coincides with increased concentrations
of immune modulating pregnancy-associated hormones in
swine, like estrone, estrone sulfate, 17β-estradiol (E2), and E2
sulfate (64). For example, trafficking of IgA+ lymphoblasts to
the MG in ovariectomized female mice was enhanced after
E2 administration (65). Additionally, E2 in combination with
progesterone administration in ovariectomized female mice
resulted in increased L-selectin and α4-dependent adhesion of
NK cells to mucosal tissues (60). Additionally, we observed
differential effects of gestational stage on CD2−CD21+ (primed
and/or activated) B cell frequencies in blood. The significant
increase in circulating CD2−CD21+ B cell frequencies at
PID 6–8 and 12–17 in second and third trimester compared
with first trimester gilts is similar to the trend observed for
α4β7+ B cell frequencies later in pregnancy (Table 1). The
increasing concentrations of pregnancy-associated hormones as
pregnancy progresses could modulate circulating frequencies of
CD2−CD21+ B cells, contributing to the differential immune
responses observed in this study. Future studies treating
ovariectomized swine with exogenous E2 or progesterone are
needed to decipher the in vivo effects of pregnancy associated
hormones on mucosal lymphocyte trafficking, B cell activation
and ASC and Ab production.

To our knowledge, this is the first study to demonstrate an
effect of stage of gestation at time of enteric viral infection
on the gut-MG-sIgA axis and immune protection in suckling
piglets. In our study, second trimester gilts provided greater
passive lactogenic immune protection (100%) compared with
first (87.2%) and third (55.9%) trimester and mock gilts (5.7%).
The increased levels of protection were significantly correlated
with PEDV IgAASCs andAbs andVNAbs in colostrum andmilk
(Tables 1, 2). These results are in agreement with previous work
done with TGEV-infected pregnant swine. For example, high
rates of protection against TGEV in piglets were achieved when
pregnant sows were orally infected (6, 7, 13) with live virulent
virus (14, 15). The increased rate of protection was associated
with high titers of IgA Abs in colostrum and milk induced via
the gut-MG-sIgA axis (66). Additionally, PEDV IgA and IgG Ab
titers in piglet serum at PCD 0 correlated with piglet protection
against PEDV challenge. In our study, we experimentally infected
gilts with the same dose and strain of PEDV and controlled
for parity and lack of prior TGEV-exposure. Therefore, we were
able to observe correlates of immunity where second trimester
gilts provided optimal protection in PEDV challenged suckling
piglets correlating with levels of colostrum and milk PEDV

IgA ASCs and Abs and VN Abs and piglet serum IgA and
IgG Abs (Table 1). Experimental infection studies of gilts/sows
with controlled PEDV doses and timing of piglet challenge post
parturition are important for determining correlates of lactogenic
immune protection against PEDV.

Lastly, we observed significantly higher PEDV RNA shedding
titers at PID 2 and diarrhea scores at PID 4 in third trimester
gilts. This suggests factors involved in intestinal homeostasis are
impacted by the hormonal changes during the third trimester.
For example, circulating E2 and porcine growth hormone
concentrations increase in the third trimester prior to parturition
(64). There is growing evidence that hormones dynamically
influence the gut microbiome (67). Coincidently, the gut
microbial environment during pregnancy changes dramatically
from the first to third trimesters in humans (68, 69) and
swine (70) resulting in decreased bacterial community richness.
Additionally, studies of PEDV-infected pregnant sows revealed
a significant decrease of observed bacterial species compared
with healthy pregnant sows (71). Although the gut microbiome
was not examined in this study, it is possible that pregnancy
hormone-induced effects on the gut microbiome during late
pregnancy in combination with PEDV infection resulted in
increased gut dysbiosis in third trimester pregnant gilts. Future
studies investigating the impact of the microbiome during
pregnancy on PEDV pathogenesis and the gut-MG-sIgA axis
are warranted.

Previous research investigating stage of gestation at
vaccination on the immune response in pregnant women
reached conclusions similar to ours. Women vaccinated with
the tetanus-diphtheria-acellular pertussis (Tdap) vaccine in the
second and/or early third trimester had a higher concentration
and avidity of anti-Tdap Abs in maternal blood and increased
transplacental anti-Tdap Ab transfer compared with women
immunized in the mid to late third trimester (72–74). This
is in agreement with our results, demonstrating that second
trimester PEDV infection yields the highest titer of PEDV IgA,
IgG, and VN Abs in serum and colostrum/milk. More research
is needed in humans and livestock to better understand maternal
immunity and to design the most effective maternal vaccines
to passively protect suckling neonates and prevent neonatal
morbidity and mortality.

In summary, a comparison of PEDV infection at different
stages of gestation demonstrated that first, second and third
trimester gilt immune responses vary greatly in magnitude
of their immune response and association with lactogenic
immune protection. We conclude that second trimester gilts
have the greatest capacity to generate a robust anti-PEDV
humoral immune response prior to parturition, resulting in
the highest amount of lactogenic immune protection against
PEDV challenge in neonatal suckling piglets. Additionally, piglet
protection against PEDV challenge is correlated with PEDV IgA
ASC, IgA Abs, and VN Abs in milk and PEDV IgA and IgG Abs
in piglet serum (Tables 1, 2). Our results provide novel insights
and identify possible predictors of maternal vaccine efficacy for
passive protection of suckling piglets. Finally, pregnancy should
not be evaluated as a single event and development of a successful
attenuated PEDV vaccine requires consideration of stage of
gestation at the time of vaccination.
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MATERIALS AND METHODS

Virus
The wild-type PC22A strain of PEDV was used for gilt infection
and piglet challenge at a dose of 1 × 105 plaque forming
units (PFU) diluted in Minimal Essential Media [MEM (Life
Technologies, Carlsbad, CA)]. Briefly, PC22A was isolated and
cultured in Vero cells as described previously (75, 76). Cells
were grown in growth medium containing Dulbecco’s Modified
Eagle’s Medium [DMEM (Life Technologies, Carlsbad, CA)]
supplemented with 5% fetal bovine serum (Life Technologies,
Carlsbad, CA) and 1% antibiotic-antimycotic (Life Technologies,
Carlsbad, CA). Virus was grown in Vero cells in maintenance
medium containing DMEM supplemented with 10µg/ml trypsin
(Life Technologies, Carlsbad, CA), 0.3% tryptose phosphate
broth (Sigma Aldrich, St. Louis, MO), and 1% antibiotic-
antimycotic. Cells were kept in a humidified incubator at
37◦C and 5% CO2. PC22A was passaged three times in Vero
cells before passaging once for generation of inoculum in a
gnotobiotic pig. The virulence of pig passaged PC22A was
confirmed in adult and neonatal pigs (4, 77, 78). Cell-culture
adapted PC22Awas used as a positive control in the VNAb assay.

Experimental Design
All animal experiments were approved by the Institutional
Animal Care and Use Committee at The Ohio State University.
All pigs were maintained, sampled, and euthanized humanely.
First parity PEDV, porcine deltacoronavirus (PDCoV) and TGEV
seronegative pregnant gilts (Landrace × Yorkshire × Duroc
cross-bred) were acquired from either Wilson Farms (Elkhorn,
WI) or The Ohio State University swine center facility and
randomly assigned to one of four treatment groups: PEDV-
infected (1) first trimester (GD 19–22) (n = 10); (2) second
trimester (GD 57–59) (n = 7); or (3) third trimester (GD 96–
97) (n = 6) or MEM-infected third trimester control [GD 96–97
(n = 4)] (Figure 1A). Second and third trimester gilts arrived at
our facilities at GD 49–51 and 89–92, respectively, and acclimated
for 1 week prior to PEDV infection. First trimester gilts were
housed and PEDV-infected at the National Animal Disease
Center, USDA-ARS, in Ames, Iowa and then four gilts were
shipped to our facilities at GD 93 after they were determined to
be fecal shedding negative by real-time quantitative polymerase
chain reaction (RT-qPCR). Gilt fecal samples were collected,
and clinical signs observed on PID 0, 2, 4, 6, 10, and 14. Fecal
consistency was scored as follows: 0, solid; 1, pasty; 2, semi-
liquid; 3, liquid, respectively. A fecal consistency score of >1
was considered as diarrhea (4, 77). Blood samples were collected
post-PEDV infection at PID 0, 6–8 and 12–17 and also prior to
parturition at GD 82–95, 98–102, and 104–114 for serum and
mononuclear cell (MNC) isolation. All gilts farrowed naturally in
our facilities at GD 114 (± 3) and colostrum was collected within
12 h of parturition. Piglets were orally PEDV-challenged at 3–5
days of age (mean± SD challenge day for first trimester litters=
4.0 ± 0.82, second trimester litters = 4.4 ± 0.96, third trimester
litters = 4.2 ± 0.82 and mock litters = 3.7 ± 0.96). Gilt and
piglet serum were collected on PCD 0, 5–9, 12–17, and 21–29. All
colostrum and milk samples were collected after administration

of 2cc oxytocin intramuscularly (IM) at PPD 0, 3–5, 8–14, and
15–22 (Figure 1B). Gilt MG biopsies were collected at GD 104–
114 and PPD 8–14. Piglet fecal samples were collected and clinical
signs and body weights were recorded daily on PCD 0–7 and
every other day through PCD 15–17. All animals were euthanized
at PCD 21–29. Upon euthanasia, gilt blood, ileum, MG, MLN,
and spleen tissues were collected for MNC isolation. Piglet blood
was collected and the serum separated for immunologic assays.

PEDV RNA Quantification by RT-qPCR
To determine PEDV RNA shedding titers, two rectal swabs
were suspended in 4mL MEM as described previously (78).
Viral RNA was extracted from 50 µl of fecal supernatants
following centrifugation (2,000 × g for 30min at 4◦C) using the
MagMAX Viral RNA Isolation Kit (Applied Biosystems, Foster
City, CA) according to the manufacturer’s instructions. Titers
of viral RNA shed in feces were determined by TaqMan RT-
qPCR using the Onestep RT-PCR Kit (QIAGEN, Valencia, CA)
(78). The detection limit was 10 copies per 20 µL of reaction,
corresponding to 4.8 log10 copies/mL of original fecal samples.

Isolation of MNCs in Blood, Spleen, MLN,
and Ileum
Blood, spleen, MLN, and ileum were collected aseptically at
euthanasia and processed for MNC isolation as described
previously (79). The isolated cells were resuspended in enriched
RPMI [E-RPMI (Roswell Park Memorial Institute)] medium
containing 8% fetal bovine serum, 2mM l-glutamine, 1mM
sodium pyruvate, 0.1mM non-essential amino acids, 20mM
HEPES (N-2-hydroxy- ethylpiperazine-N−2-ethanesulfonic
acid), and 1% antibiotic-antimycotic (Life Technologies,
Carlsbad, CA) and used for assays. The viability of MNCs
was determined by trypan blue exclusion. Briefly, MNCs were
diluted two-fold in 0.4% trypan blue before visualizing using
an automated cell counter (Cellometer, Nexcelom, Lawrence,
MA). The viability (%) was calculated as [1.00–(number of blue
cells/numbers of total cells)]× 100.

Isolation of MNCs From the MG Tissue
The MG was collected aseptically at euthanasia and placed
in ice-cold wash medium (RPMI 1640 with 10mM HEPES,
200 g of gentamicin per ml, and 20 g of ampicillin per ml
[Life Technologies, Carlsbad, CA]). Tissue was minced and
pressed through stainless steel 80-mesh screens of a cell collector
(Cellecter; E-C Apparatus Corp., St. Petersburg, FL.) to obtain
single-cell suspensions and then pooled. A 90% Percoll solution
(Sigma Aldrich, St. Louis, MO) was added to the MG cell
suspensions and centrifuged at 1,200 × g for 30min at 4◦C.
Cell pellets were resuspended in 43% Percoll, underlaid with 70%
Percoll, and centrifuged at 1,200× g for 30min at 4◦C. TheMNC
were collected from the 43-to-70% interface and washed with
washmedium. Cells were filtered through a 70µMpore filter and
resuspended in E-RPMI. The viability of MNCs was determined
by trypan blue exclusion.
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Detection of Cytokines in Serum by ELISA
Serum samples were processed and analyzed for
proinflammatory (TNF-α, IL-6, IL-17, IL-22), innate (IFN-
α) and Th1 (IL-12, IFN-γ), Th2 (IL-4), and T regulatory (IL-10
and TGF-β) cytokines as described previously with some
modifications (80, 81). Briefly, Nunc Maxisorp 96-well plates
were coated with anti-porcine IL-4 (2µg/ml, clone A155B16F2),
anti-porcine IL-10 (4µg/ml, clone 945A4C437B1), anti-porcine
IFN-γ (1.5µg/ml, clone A151D5B8), anti-porcine TGF-β
(1.5µg/ml, clone 55B16F2) (Thermo Fisher Scientific, Waltham,
MA), anti-porcine IL-6 (0.75µg/ml, goat polyclonal Ab), anti-
porcine IL-12 (0.75µg/ml, goat polyclonal Ab), anti-porcine
IFN-α (2.5µg/ml, clone K9) (R&D systems, Minneapolis, MN),
anti-porcine TNF-α (1.5µg/ml, goat polyclonal Ab), anti-porcine
IL-17 (1.5µg/ml, rabbit polyclonal Ab), and anti-porcine IL-22
(1.5µg/ml, rabbit polyclonal Ab) (Kingfisher Biotech, Saint Paul,
MN) overnight at 37◦C for IFN-α or 4◦C for all other cytokines.
Biotinylated anti-porcine IL-4 (0.5µg/ml, clone A155B15C6),
anti-porcine IL-10 (1µg/ml, clone 945A1A926C2), anti-porcine
IFN-γ (0.5µg/ml, clone A151D13C5), anti-TGF-β (0.4µg/ml,
TGF-β-1 Multispecies Ab Pair CHC1683) (Thermo Fisher
Scientific, Waltham, MA), anti-porcine IL-6 (0.1µg/ml, goat
polyclonal IgG), anti-porcine IL-12 (0.2µg/ml, goat polyclonal
IgG), anti-porcine IFN-α (3.75µg/ml, clone F17) (R&D systems,
Minneapolis, MN), anti-porcine TNF-α (0.4µg/ml, goat
polyclonal Ab), anti-porcine IL-17 (1µg/ml, rabbit polyclonal
Ab) or anti-porcine IL-22 (1µg/ml, rabbit polyclonal Ab)
(Kingfisher Biotech, Saint Paul, MN) were used for detection.
Porcine IFN-α detection Ab was biotinylated using a commercial
kit as described previously (81). Plates were developed and
cytokine concentrations were calculated as described previously
(80). Sensitivities for these cytokine ELISA assays were 1 pg/ml
for IL-4, IL-12, and IFN-α, 4 pg/ml for TNF-α, IL-17, and IL-22,
8 pg/ml for TGF-β, and 16 pg/ml for IL-6, IL-10, and IFN-γ.

Colostrum/Milk Processing for Whey and
Isolation of MNCs
Colostrum/milk was collected aseptically after gilts were given
2cc oxytocin (VetOne, Boise, ID) IM to facilitate collection of
mammary secretions. Colostrum/milk was placed immediately
on ice. Samples were filtered through a 70µM pore filter and
centrifuged at 1,800 × g for 30min at 4◦C to separate fat, skim
milk, and cell pellet portions. Fat was removed utilizing sterile
plain-tipped applicators (Fisher Scientific, Hampton, NH). Skim
milk was collected, centrifuged at 28,000 × g for 1 h at 4◦C to
separate the whey that was then stored at −20◦C until tested.
The cell pellet portion was resuspended in a 90% Percoll solution
and centrifuged at 1,200 × g for 30min at 4◦C. Cell pellets
were resuspended in 43% Percoll, underlaid with 70% Percoll,
and centrifuged at 1,200 × g for 30min at 4◦C. The MNC were
collected from the 43-to-70% interface and washed with wash
medium. Cells were filtered through a 70µM pore filter and
resuspended in E-RPMI. The viability of the MNC preparation
was determined by trypan blue exclusion.

NK Cell Cytotoxicity Assay
Blood MNC and K562 cells were used as effector and target
cells, respectively. Effector: target cell ratios of 10:1, 5:1,

and 1:1 were used and the assay was done as described
previously (82).

Flow Cytometry to Assess NK Cell
Frequencies
To determine the frequencies of NK cells, CD3−, CD172−,
CD8+ MNCs were identified. Briefly, 100 µl of peripheral
blood mononuclear cells (PBMCs) at 1 × 107 cells/ml were
stained with anti-porcine CD3 (clone PPT3, Southern Biotech),
anti-porcine SWC3a [CD172 human analog (clone 74-22-
15, Southern Biotech)] and anti-porcine CD8 (clone 76-2-
11, Southern Biotech) monoclonal Abs (mAbs) for 15min
at 4◦C. Subsequently cells were washed and incubated with
streptavidin APC (BD Biosciences, San Jose, CA, USA) secondary
Ab. Appropriate isotype matched control Abs were included.
Acquisition of 50,000 events and analyses were done using the
Accuri C6 flow cytometer (BD Biosciences). The gating strategy
is depicted in Figure S1.

PEDV Plaque Reduction VN Assay
A plaque reduction VN assay was performed as described
previously (83) with modifications. Serum and whey were
inactivated at 56◦C for 30min prior to testing for PEDV
neutralizing Abs. Serial 4-fold dilutions of test sera or whey were
mixed with 70 PFU and 140 PFU PEDV PC22A cell-culture
adapted strain, respectively. The serum/whey-virus mixtures
(290 µl/well) were incubated for 1.5 h at 37◦C with gentle
rocking and then duplicate samples were infected onto 2–3
day confluent Vero cell monolayers in 6-well plates. Plates
were incubated at 56◦C for 1 h, lightly rocking every 15min.
Subsequently, the inoculum was removed, cells were washed
twice with sterile PBS [1X pH 7.4 (Sigma Aldrich, St. Louis, MO)]
and overlaid with 0.75% low melting point agarose (SeaPlaque,
Lonza, Riverside, PA) in serum free media supplemented with
tryptose phosphate broth and trypsin as described for PEDV
cultivation (75). Plates were incubated at 37◦C for 3 days
and then stained with 0.001% neutral red solution (Sigma
Aldrich, St. Louis, MO). Plaques were counted and the VN
titers were determined by calculating the reciprocal of the
highest dilution of a serum/whey sample showing an 80%
reduction in the number of plaques compared with seronegative
control serum/whey.

PEDV Whole Virus Ab ELISA
Cell culture adapted PC22Awas propagated on 2–3-day-old Vero
cells in polystyrene roller bottles (Fischer Scientific, Hampton,
NH) until the cells demonstrated 90–95% cytopathic effects
(CPE). Roller bottles were subjected to two freeze-thaw cycles
at −80◦C before collecting the supernatant and centrifuging
at 3,000× g for 10min at 4◦C to remove Vero cell debris.
The supernatant was overlayed onto 3ml sucrose [35% in TNC
buffer (50mM Tris at pH 7.4, 150mM NaCl, 10mM CaCl2,
0.02% NaN3)] and centrifuged at 112,700 × g for 2 h at 4◦C.
The viral pellet was resuspended in TNC buffer, centrifuged
at 107,200 × g for 2 h at 4◦C and washed twice with sterile
PBS (1X pH 7.4). Then the viral pellet was inactivated by
using binary ethylenimine (BEI) as previously described (84).
The semipurified inactivated virus was resuspended in PBS
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(1X pH 7.4) at a dilution of 1:3 of the original supernatant
volume and stored at −80◦C. At the time of testing, PEDV or
mock antigen solution was further diluted 1:4 and added (60
µl per well) to uncoated polystyrene plates (Fisher Scientific,
Hampton, NH) in alternating wells. Plates were incubated for
4 h at 37◦C or overnight at 4◦C. Plates were washed 5X with
PBS-T wash solution (PBS 1X, 0.1% Tween-20 [Fisher Scientific,
Hampton NH], pH 7.4). General Block ELISA blocking solution
(Immunochemistry Technologies, Bloomington, MN) was added
(200 µl per well) and plates were stored at 4◦C overnight. After
incubation, plates were washed twice with PBS-T and samples
were added. All samples were serially diluted starting at 1:4 and
added (50 µl per well) in duplicate to coated plates. Positive
and negative controls (Ab-positive and -negative experimental
samples) were included per plate for each sample type. Plates
were incubated at room temperature (RT) for 1.5 h and washed
5X with PBS-T. Primary Abs were added (100µl per well) diluted
in PBS-T to detect IgA Ab [peroxidase-conjugated goat anti-pig
IgA (Bio-Rad, Hercules, CA)] and IgG [biotin-conjugated goat
anti-pig IgG (Seracare, Milford, MA)] in serum (1:4,000 and
1:20,000, respectively) and milk/intestinal samples (1:20,000).
IgA plates were incubated at RT for 1.5 h and IgG at 37◦C for 1
hr. For IgG plates, peroxidase-conjugated streptavidin [1:10,000
(Roche, Basel, Switzerland)] was added (100 µl per well) and
incubated at RT for 1 h. For both IgA and IgG, plates were washed
twice with PBS-T and the reaction was visualized for all plates by

adding 100 µl of 3,3
′
,5,5

′
-tetramethylbenzidine (TMB) substrate

with H2O2 membrane peroxidase substrate system (Seracare,
Milford, MA). Plates were incubated at RT for 5min and stopped
by addition of 100 µl stop solution (1M sulfuric acid) to each
well. Reactions were measured as optical density at 450 nm
using an ELISA plate reader (Spectramax 340pc, Molecular
Devices, San Jose, CA). The ELISA Ab titer was expressed as
the reciprocal of the highest dilution that had a corrected A450

value (sample absorbance in the virus-coated well minus sample
absorbance in the mock antigen-coated well) greater than the
cut-off value (mean corrected A450 value of negative controls
plus 3 standard deviations). Samples negative at a dilution of 1:4
were assigned a titer of 1:2 for the calculation of geometric mean
titers (GMTs).

PEDV Antibody Secreting Cell ELISPOT
To detect PEDV ASCs, PEDV PC22A, and mock-infected,
acetone-fixed Vero cells in 96-well plates were used similar
to methods used to detect TGEV ASC (85, 86). Briefly, after
infected Vero cells (at 95–100% confluency) showed 90–95%
CPE, cells were fixed with 80% acetone for 15min, allowed to dry
for 1–2 h and stored at −20◦C. Mock-infected cell monolayers
served as negative controls. Plates were thawed and rehydrated
in sterile PBS for 15min at RT. Serial dilutions of MNCs (5 ×

105, 5 × 104, 5 × 103, and 5 × 102) were added to duplicate
wells (100 µl per well) of fixed PEDV PC22A and mock-
infected cell monolayers. Plates were centrifuged at 120× g, for
5min at RT and incubated at 37◦C with 5% CO2 for 12–14 h.
After incubation, the plates were washed 5X with PBS-T. ASCs
were detected by incubating plates with HRP-conjugated anti-
pig IgA [1:4,000 (Bio-Rad, Hercules)] or biotinylated anti-pig

IgG [1:20,000 (Seracare, Milford, MA)]. All Abs were added
at 100 µl per well. Plates incubated with Abs to IgA were
incubated at RT for 1.5 h and for Abs to IgG at 37◦C for
1 h. For IgG plates, peroxidase-conjugated streptavidin [1:10,000
(Roche, Basel, Switzerland)] was added (100 µl per well) and
incubated at RT for 1 h. The reaction was visualized for all
plates by adding 100 µl TMB substrate with H2O2 membrane
peroxidase substrate system (Seracare, Milford, MA). Spots
were detected and counted using a light microscope. Counts
were averaged from duplicate wells and expressed relative to
5× 105 MNC.

Histopathologic Analysis and Evaluation of
PEDV Ab+ Cells in the MG
To evaluate PEDV Ab+ cells in the MG, 5 cm biopsies were
collected using a 12 gauge × 10 cm semi-automatic needle
(Bard Peripheral Vascular, Tempe, AZ) and fixed in 10%
neutral buffered formalin. Sections were trimmed, processed,
and embedded in paraffin. Sections were cut (3.5µm thick)
and processed for antigen retrieval (0.05% pronase E treatment
[Sigma Aldrich, St. Louis, MO]). For detection of PEDV Ab+

cells, a PEDV viral suspension sandwich immunohistochemistry
(IHC) method was developed. Semipurified inactivated PEDV
antigen, as described previously for PEDV Ab ELISA plates, was
added to tissue sections and incubated overnight at 4◦C. A mAb
to the N protein of a highly virulent US PEDV strain [PC22A-like
(PEDV 72-111-25 IgM G-14, kindly provided by Steven Lawson
and Eric Nelson, Department of Veterinary and Biomedical
Sciences, South Dakota State University)] was added to tissue
sections and incubated overnight at 4◦C. Supersensitive Polymer-
HRP IHC Detection System (Biogenex, Fremont, CA) was used
as a secondary Ab and substrate prior to hematoxylin and
eosin (H&E) staining.Microscopic imagines (30×magnification)
were obtained using a fluorescence microscope (Olympus IX70-
S1F2). Mean numbers of PEDV Ab+ cells were evaluated
by measuring at least 3 different microscopic fields at (30×
magnification) for each sample time point (GD 104–114 and
PCD 5–9) from first, second and third PEDV-infected or
mock gilts.

Flow Cytometry to Assess Lymphocytes
and Homing Marker Integrin and
Receptor Frequencies
Procedures for flow cytometry staining (including buffers
used) were performed as described previously with minor
modifications (87). Briefly, 100 µl of MNCs at 1 × 107

cells/ml were stained with anti-porcine CD21-PE (clone BB6-
11C9.6, Southern Biotech) and anti-porcine CD2 (clone MSA4,
VMRD) monoclonal Abs (mAbs) to determine B cell subsets
(88). To determine expression of α4 integrin, β7 integrin
and CCR10, cells were stained with porcine cross-reactive
anti-human α4 integrin (clone HP2/1, Abcam, Cambridge,
MA), anti-mouse β7 integrin (clone FIB27, BD Biosciences),
and anti-mouse CCR10 (clone 248918, R&D Systems) mAbs.
Additionally, to determine expression of IgA, cells were
stained with anti-porcine IgA (clone K61 1B4, Bio-Rad) mAb.
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After washing, cells were stained with appropriate secondary
antibodies. For intracellular CD79β staining, stained cells
were permeabilized with Cytofix/Cytoperm (BD Biosciences),
washed with Perm/Wash Buffer (BD Biosciences), and stained
with porcine cross-reactive anti-mouse CD79β-FITC Ab (clone
AT1072, Bio-Rad) mAb. Additionally, CD4+ (anti-porcine CD4,
clone 74-12-4, Southern Biotech) and CD8+ (anti-porcine CD8,
clone 76-2-11, Southern Biotech) T cells were assessed within
the CD3+ (anti-porcine CD3, clone PPT3, Southern Biotech)
MNC population (T lymphocytes). Appropriate isotype matched
control antibodies were included. Acquisition of 50,000 events
and analyses were done using the Accuri C6 flow cytometer (BD
Biosciences, San Jose, CA, USA). The gating strategy for T and B
cell phenotypes are depicted in Figures S1, S2.

Statistics
PEDV RNA shedding titers, fecal consistency scores, normalized
weights, frequencies of blood MNC populations in flow
cytometry, mean concentrations of serum cytokines, PEDV IgA
and IgG ASCs, log-transformed PEDV IgA, IgG and VNAb titers
and PEDV Ab+ cells in the MG were analyzed by a two-way
analysis of variance (ANOVA-general linear model), followed by
Bonferroni’s posttest. NK cell activity in blood and PEDV IgA and
IgG ASCs inMG, spleen, MLN, and ileum tissues were compared
among groups with the Mann-Whitney (non-parametric) test.
The log-rank (Mantel-Cox) test was used for comparison of
survival curves amongst treatment groups. Statistical significance
was assessed at P ≤ 0.05 for all comparisons. All statistical
analyses were performed with GraphPad Prism 5 (GraphPad
Software, Inc., CA).
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Porcine deltacoronavirus (PDCoV) is a newly detected porcine coronavirus causing

serious vomiting and diarrhea in piglets, especially newborn piglets. There has been an

outbreak of PDCoV in worldwide since 2014, causing significant economic losses in the

pig industry. The interferon (IFN)-mediated antiviral response is an important component

of virus-host interactions and plays an essential role in inhibiting virus infection. However,

the mechanism of PDCoV escaping the porcine immune surveillance is unclear. In the

present study, we demonstrated that the PDCoV nucleocapsid (N) protein antagonizes

porcine IFN-β production after vesicular stomatitis virus (VSV) infection or poly(I:C)

stimulation. PDCoV N protein also suppressed the activation of porcine IFN-β promoter

when it was stimulated by porcine RLR signaling molecules. PDCoV N protein targeted

porcine retinoic acid-inducible gene I (pRIG-I) and porcine TNF receptor associated

factor 3 (pTRAF3) by directly interacting with them. The N-terminal region (1–246 aa)

of PDCoV N protein was important for interacting with pRIG-I and interfere its function.

We confirmed that PDCoV N antagonizes IFN-β production by associating with pRIG-I

to impede it from binding double-stranded RNA. Furthermore, porcine Riplet (pRiplet)

was an important activator for pRIG-I by mediating the K63-linked polyubiquitination.

However, PDCoV N protein restrained the pRiplet binding pRIG-I to inhibit pRIG-I

K63-linked polyubiquitination. Taken together, our results revealed a novel mechanism by

which PDCoV N protein interferes with the early activation of pRIG-I in the host antiviral

response. The novel findings provide a new insight into PDCoV on evading the host

innate immune response and may provide new therapeutic targets and more efficacious

vaccines strategies for PDCoV infections.

Keywords: PDCoV, nucleocapsid protein, porcine RIG-I, IFN-β, ubiquitination

INTRODUCTION

Porcine deltacoronavirus (PDCoV), a newly detected porcine coronavirus, as well as porcine
transmissible gastroenteritis virus (TGEV), porcine rotavirus (PRV), and porcine epidemic diarrhea
virus (PEDV) are the major pathogens of the porcine epidemic diarrhea disease. They cause
microscopic intestinal lesions leading to serious diarrhea and often dehydration to death (1, 2).
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PDCoV as a pathogen was identified in 2012 in Hong Kong
(3). Until now PDCoV strains have been isolated from a few
regions and countries, including the United States, China, South
Korea, Laos, and Thailand (4–7). PDCoV is an enveloped, single-
stranded, positive-sense RNA virus with the genome length of
approximately 25 kb. The genome arrangements are in the order
of 5′ untranslated region (UTR), open reading frame 1a/1b
(ORF1a/1b), spike (S), envelope (E), membrane (M), accessory
protein 6 (NS6), nucleocapsid (N), accessory protein 7 (NS7),
accessory protein 7a (NS7a), and 3′ UTR (8, 9). PDCoV has
only been found infectious in swine until now. However, PDCoV
could use the aminopeptidase N (APN) of mammalian and avian
species to efficiently infect cells of an unusual abroad species
range, including humans and chickens (10).

The host innate immune response serves as the first
line of defense to resist pathogenic microorganism infection
and replication. The viral pathogen is sensed by pattern
recognition receptors (PRRs) of the infected host cells to
induce an antiviral response. The retinoic acid-inducible gene-
1 (RIG-I)-like receptors (RLRs) are a major member of host
PRRs, including three homologous protein, RIG-I, melanoma
differentiation associated gene 5 (MDA5), and DExH-box
helicase 58 (DHX58/LGP2) (11). RIG-I and MDA5 were the
activators of interferon production post RNA virus infection
or the double-stranded RNA (dsRNA) analog polyinosine
and polycytidilic acid (poly(I:C)) (12). RIG-I also resides
in an autorepression state in normal physiological status
cells by covering its N-terminal tandem caspase activation
and recruitment domains (CARDs), which are necessary
for interaction with mitochondrial antiviral signaling protein
(MAVS, also known as IPS-1/VISA/Cardif) (13–15). The Riplet,
also known as ring finger protein 135 (RNF135), is a necessary
E3 ligase for releasing RIG-I autorepression by K63-linked
polyubiquitination (16). The tripartite motif containing 25
(TRIM25) is another key E3 ligase for RIG-I activation by
mediating the K63-linked polyubiquitination of RIG-I N-
terminal CARDs (17). However, MDA5 does not adopt an
auto-repression state in the ligand-free state (11). MDA5 also
interacts with MAVS via CARDs to active the type I interferon
signaling pathway. The MAVS as the polymeric signaling scaffold
could recruit and activate the signaling proteins including tumor
necrosis factor receptor associated factor 2 (TRAF2), TRAF3,
TRAF5, TRAF6, and associated serine kinases (TBK1 and the
IKK family) (18, 19). The activation of TBK1 could activate
master transcription factors IRF3 and NF-κB translocation into
the cell nucleus, and then induce the antiviral genes’ production,
including IFN-β and major antiviral cytokines (20). Type I IFNs
are secreted and bind to the cell surface receptors of both virus-
infected and non-infected neighbor cells to induce interferon-
stimulating genes (ISGs) for antivirals by activating the JAK-
STAT pathway.

However, viruses take on a variety of tactics to escape the host
innate immune surveillance during the infection and replication.
AIV NS1 protein also could both interact with human TRIM25
and Riplet to suppress RIG-I activation (21). NS1 proteins from
human but not swine or avian influenza virus strain were able
to interact with human Riplet in a species-specific manner (22).

West Nile virus NS1 also antagonizes IFN-β production by
inhibiting RIG-I and MDA5 K63-linked polyubiquitination (22).
Coronavirus nucleocapsid proteins play the most fundamental
role in packaging the viral genome and viral assembly with a
similar topological structure (23). When the coronavirus infects
the host cells, the N protein is also abundantly produced
to regulate the host cell cycle, cell stress responses, immune
system interference, and signal transduction (24). Severe acute
respiratory syndromes (SARS) and middle east respiratory
syndrome (MERS) coronavirus N protein could counteract with
human TRIM25 to suppress RIG-I activation (25). PEDV N
protein suppressed IFN-β and NF-κB activation by sequestering
the formation of human TBK1 and IRF3 complex in HEK293T
cells (26). However, PEDV N protein could activate the NF-
κB and up-regulate the IL-8 expression in porcine intestinal
epithelial cell (IEC), which is the target host cell of PEDV (27, 28).
The other important porcine coronavirus, TGEV infection could
prominently promote NF-κB activation and IFN-β production
through RLR signaling in PK-15 cells (29). PDCoV infection
could suppress porcine RIG-I-mediated IFN-β production in
LLC-PK1 cells (30). PDCoV Nsp5 and NS6 were confirmed
as the important regulatory viral proteins to inhibit the IFN-β
production (31, 32). However, the function of other viral proteins
of PDCoV, especially the viral structure protein (S, E, M, N), has
remained unclear. PDCoV N protein could change expression
levels of many host immune proteins in the N-expressing PK-15
(PK-PDCoV-N) cells, such as HSP70 (33). However, it remains
unclear whether PDCoVNprotein is an antagonist in the porcine
type I interferon signaling pathway and how to regulate the
antiviral signaling pathway in porcine cells.

In this study, we confirmed and explained the mechanism by
which PDCoV N protein antagonizes porcine IFN-β production.
The results indicated that PDCoV N protein could directly
target the porcine RIG-I and block its early activation by
interfering its association with dsRNA and pRiplet- mediated
K63-linked polyubiquitination.

MATERIALS AND METHODS

Cell Culture and Virus
HEK293T cells (ATCC R©CRL-3216TM) and PK-15 cells
(ATCC R©CCL-33TM) were obtained from the China Center
for Type Culture Collection and maintained at 37◦C in 5%
CO2 in Dulbecco’s Modified Ea-gle’s medium (Gibco, USA)
supplemented with 10% heat-inactivated fetal bovine se-rum
(FBS) (Gibco, USA). The porcine jejunum intestinal cells (IPEC-
J2) were obtained from the China Center for Type Culture
Collection and maintained at 37◦C in 5% CO2 in Roswell Park
Memorial Institute (RPMI) 1,640 medium (Gibco, USA) with
10% heat-inactivated FBS (Gibco, USA). The recombinant VSV-
GFP virus was generously provided by Dr. Sun Tao, Shanghai
Jiao Tong University, China.

Plasmids and Quantitative RT-PCR
(qRT-PCR)
Total RNA was extracted by TRIZOL (Invitrogen). Then, 1
µg of RNA was used to synthesize cDNA using the ReverTra

Frontiers in Immunology | www.frontiersin.org 2 May 2019 | Volume 10 | Article 102486

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Likai et al. PDCoV N Protein Antagonizes pRIG-I Activation

Ace qPCR RT reverse transcription (RT) master mix with
genomic DNA (gDNA) remover (Toyobo, Osaka, Japan). The
cDNA of PK-15 cells or PDCoV-positive sample were used
as the templates to perform in 50 µL amplification reaction
containing 2 µL of cDNA, 2 µL of forward and reverse
primers (10 pmol), 10 µL 5× PrimeSTAR GXLBuffer, 4 µL
2.5 nM dNTPs, 1 µL PrimeSTAR R© GXL DNA Polymerase
(TAKARA, Japan), and 29 µL ddH2O. The reaction procedure
was 98◦C for 3min, followed by 36 cycles at 98◦C for 15 s,
60◦C for 30 s and 72◦C for 1min, and finally 72◦C for 5min.
And then the full length or mutant coding sequence of
porcine RLR signaling molecules were con-structed into the
pcDNA3.1-Flag or pcDNA3.1-HA plasmid by ClonExpress R©II
One Step Cloning Kit (Vazyme, China), including porcine
RIG-I (pRIG-I) (NM_213804.2), three pRIG-I mutants: the
2′CARD, a middle helicase domain (HEL), and the internal
repressor domain (RD). porcineMDA5 (pMDA5) (MF358967.1),
porcine MAVS (pMAVS) (NM_001097429.1), porcine TBK1
(pTBK1) (NM_001105292.1), porcine TRAF3 (pTRAF3)
(XM_021081629.1), porcine IRF3 (pIRF3) (NM_213770.1),
porcine TRIM25 (pTRIM25) (XM_005656971.3), and porcine
Riplet (pRiplet) (XM_003131735.4). The full-length coding
sequence (CDS) of PDCoV-N was constructed into the
pcDNA3.1-HA or pcDNA3.1-Myc plasmid vector. All the PCR
primers are provided in Supplementary Table 1. The pGL3-
pIFN-β-Luc and pGL3-pNF-κB-Luc plasmid were constructed
according a previous study (34). HA-tagged ubiquitin (Ub)
and Ub mutants (K48R, K63R, K48, K63) plasmids were
kindly provided by Dr. Yuan Congli, Shanghai Jiao Tong
University, China.

Quantitative RT-PCR (qRT-PCR) was performed using SYBR
green Supermix (ABI-7500, Life, USA). The primer sequences are
shown in Supplementary Table 1. The relative gene expression
levels were calculated using the 2−11CT method.

Dual-Luciferase Reporter Gene Assay
PK-15 or IPEC-J2 cells were grown in 24-well plates. In
selected experiments, the recombination or empty expression
plasmids were cotransfected with the pGL3-pIFN-β-Luc and
pRL-TK (an internal control for the normalization of the
transfection efficiency) using Lipofectamine 2000 (InvivoGen,
USA). After transfection for 24 h, poly(I:C) or VSV-GFP virus
were transfected or infected for 16 h. The cells were then
lysed, and the firefly luciferase and Renilla luciferase activities
were measured using the Dual-Luciferase reporter assay system
(Promega, USA). Data were shown as the relative firefly luciferase
activities normalized to the Renilla luciferase activities from three
independently conducted experiments.

Western Blotting and
Co-immunoprecipitation (Co-IP) Assay
HEK293T or PK-15 cells were transfected empty or recombinant
plasmid. At 28 h post-transfection, the cells were harvested by
adding lysis buffer (50mM Tris-HCl (pH 7.4), 150mM NaCl,
1% NP-40, 10% glycerin, 0.1% SDS, and 2mM Na2EDTA) for
30min at 4◦C supplemented with a protease inhibitor cocktail,
phenylmethylsulphonyl fluoride (PMSF), and a phosphatase

inhibitor cocktail. The lysates were subjected to SDS-PAGE
and electroblotted onto a polyvinylidene difluoride membrane
(Bio-Rad, USA). The membranes were then analyzed for the
expression proteins by immunoblotting using mouse Flag, Myc,
β-actin, and rabbit HA antibodies, respectively. The β-actin or β-
Tublin monoclonal antibody was used to detect the expression of
β-actin or β-Tublin to confirm equal protein sample loading.

HEK293T or PK-15 cells in 10-cm culture dishes were
cotransfected with the recombination expression plasmid or an
empty vector for 28 h. The cells were lysed on ice for 20min
in 600 µl of lysis buffer (50mM Tris-HCl (pH 7.4), 150mM
NaCl, 1% NP-40, 10% glycerin, 0.1% SDS, and 2mM Na2EDTA)
containing a protease inhibitor mixture plus the protease
inhibitor PMSF. The cell lysates were then immunoprecipitated
at 4◦C with mouse anti-FLAG or anti-HA affinity gel (Biotool,
USA) or mouse Myc monoclonal Ab with protein A+G agarose
beads (Beyotime, China). The immunoprecipitants were washed
four times with the protein lyse buffer and then subjected to
western blotting analysis.

pRIG-I and dose-dependent PDCoV N expression plasmid or
empty plasmid was cotransfected into theHEK293T cells for 28 h.
Then, the dsRNA binding assay was implemented as described in
a previous report (31).

Indirect Immunofluorescence Assay (IFA)
PK-15 cells were seeded onto microscope coverslips, placed
into 12-well plates, and allowed to reach approximately 80%
confluence. At 24 h post transfection, the cells were fixed
with 4% paraformaldehyde for 10min and then permeabilized
with methyl alcohol for 10min at room temperature. After
three washes with TBST, the cells were blocked with TBST
containing 5% bovine serum albumin (BSA) for 1 h and then
incubated separately with a mouse Flag monoclonal antibody
against Flag-tagged protein (1:1000) or a rabbit HA polyclonal
antibody against the HA-tagged PDCoV N protein (1:1000) for
1 h. The cells were then treated with Alexa Fluor 488-labeled
anti-mouse secondary antibody or Alexa Fluor 555-labeled
anti-rabbit secondary antibody for 1 h at room temperature
and subsequently treated with 4′, 6-diamidino-2-phenylindole
(DAPI) for 15min at room temperature. The antibody and
DAPI used in the present study were purchased from Beyotime
in China. Fluorescent images were visualized and examined
using a confocal laser scanning microscope (Fluoview ver. 3.1;
Olympus, Japan).

Ubiquitin Assay
To analyze the ubiquitination of porcine RIG-I, PK-15 or HEK-
293T cells were cotransfected with Flag-RIG-I, HA-Ub, orHA-Ub
mutants (K48R, K63R, K48, K63) and Myc-PDCoV-N for 28 h.
The cells were washed twice in PBS supplemented with 10mM
NEM and lysed with 1% SDS lysis buffer (25mM Tris-HCl, pH
7.4, 150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and
1% SDS) containing the protease inhibitor PMSF and 10mM
NEM. Themouse Flag-affinity gel was pretreated three times with
1 x TBS, and then the cell lysates were added and incubated
for 3 h at 4◦C. After washing them three times with 1xTBS,
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the immunoprecipitants were boiled at 100◦C for 10min and
subjected to western blotting analysis.

Statistical Analysis
Data are expressed as the mean ± standard deviation (SD) of
three independent experiments. Student’s t-tests were performed.
Values of p < 0.05 were considered statistically significant and
p < 0.01 were considered statistically highly significant.

RESULTS

PDCoV N Protein Suppressed Poly(I:C) and
VSV Induced IFN-β Production
To explore whether PDCoV N protein antagonizes the
production of pIFN-β, PK-15 cells were cotransfected empty
vector, or PDCoV-N expression plasmid (pcDNA3.1-HA-
PDCoV-N) with the reporter plasmid (pGL3-pIFN-β) and pRL-
TK (as internal control) for 18 h, and then infected with VSV-
GFP (a recombinant VSV strain) or treated with poly(I:C)
for 16 h. The cells were lysed for the dual-luciferase reporter
assays. The results showed that the VSV-GFP or poly(I:C)
induced porcine IFN-β-luc promoter activation was significantly
suppressed by PDCoV-N protein in PK-15 cells (Figures 1A,C).
However, the porcine NF-κB-Luc promoter activation was not
inhibited by PDCoV-N protein in PK-15 cells, when infected
with VSV-GFP virus (Figure 1B). To further prove that PDCoV
N protein inhibits porcine IFN-β production, PK-15 cells were
transfected with PDCoV-N expression or empty vector plasmid
for 24 h and then transfected or non-transfected with poly(I:C)
for 12 h. Total RNA was extracted from cells to detect the
expression level of porcine IFN-β and several interferon-induced
genes (ISGs) by real-time quantitative polymerase chain reaction
(qRT-PCR). The results showed that PDCoV N overexpression
could significantly suppress poly(I:C)-induced porcine IFNB1
(pIFNB1), porcine OAS1 (pOAS1), and porcine ISG15 (pISG15)
mRNA expression in PK-15 cells (Figure 1D). The results
indicated that PDCoV N protein suppressed porcine IFN-β
production. IFN-β could significantly inhibit the VSV replication
in infected host cells. Hence, to further confirm the porcine IFN-
β protein production decreased by PDCoV N protein, VSV-GFP
viruses were used to infect PK-15 cells. The results showed that
poly(I:C) could significantly suppress the VSV-GFP replication
in PK-15 cells (Figure 1E). In accordance with the results of dual
luciferase assays and qRT-PCR described above, the expression
of PDCoV N protein could restore the proliferation of VSV-
GFP virus in ploy(I:C)-treated PK-15 cells (Figure 1E). These
data suggested that PDCoV N protein was an antagonist of
porcine IFN-β.

PDCoV N Protein Suppressed the Porcine
RLR Signaling Pathway
In the present study, we found PDCoV N protein was an
antagonist of porcine IFN-β production (Figure 1). Therefore, to
determine whether PDCoV N protein could block the porcine
RLR-mediated type I IFN signaling pathway, we constructed
several key porcine RLR (pRLR) signaling molecules from PK-15

cells, including pRIG-I, pRIG-IN (a pRIG-I mutant, only the 2′-
CARD domain of pRIG-I (pRIG-IN)), pMDA5, pMAVS, pTBK1,
and pIRF3. To investigate the function of PDCoV N protein
in the porcine RLR pathway, PK-15 cells were co-transfected
the key signaling molecules with the PDCoV N expression or
empty vector plasmid, together with the pGL3-pIFN-β and pRL-
TK. Compared with the empty vector, the overexpression of
the porcine signaling molecules could clearly activate the pIFN-
β promoter activation (Figure 2). However, the activation of
the pIFN-β promoter induced by those signaling molecules was
significantly inhibited by PDCoV N protein (Figure 2). The
function of PDCoV N was confirmed by the consistent results
in the IPEC-J2 cells (Supplementary Figure 1). These results
indicated that the PDCoV N protein could suppress the porcine
IFN-β by inhibiting the porcine RLR signaling pathway.

PDCoV N Protein Interacted With Porcine
RIG-I/TRAF3 Protein
To find the porcine RLR signaling molecular target of PDCoV N
protein, the HEK293T cells were co-transfected with PDCoV N
expression plasmid and several pRLR signaling molecules, pRIG-
I, pMDA5, pMAVS, pTBK1, pTRAF3, or pIRF3, respectively.
The whole cell lysates (WCLs) were immunoprecipitated with
the anti-Flag affinity gel at 28 h post transfection. The results
showed that pRIG-I and pTRAF3 were clearly coprecipitated
with PDCoV N protein (Figures 3A,B). In addition, consistent
results were presented, when the precipitation of pRIG-I or
pTRAF3 with HA-PDCoV-N was analyzed by HA-affinity gel
(Figures 3C,D). These results suggested that PDCoV N protein
could directly interact with pRIG-I and pTRAF3. To further
confirm the direct interaction between PDCoV N and pRIG-
I in porcine cells, PK-15 cells were used to co-transfect the
pRIG-I or pTRAF3 and PDCoV N expression plasmid. Indirect
immunofluorescence assay (IFA) was performed at 24 h post
transfection. The results showed that the PDCoV N protein
and pRIG-I or pTRAF3 were co-localized in the cytoplasm
in PK-15 cells (Figure 3E). All the data indicated that pRIG-
I and pTRAF3 were the major targets of PDCoV N protein
in the pRLR signaling pathway. RIG-I are the key cytoplasmic
pathogen recognition receptors to recognize the RNA viruses.
The activation of RIG-I was a prerequisite of IFN-β production
by RLR signaling pathway. However, in the present study,
PDCoV N protein could significantly block the pRIG-I-induced
pIFN-β promoter activation (Figure 2A). Hence, pRIG-I was the
main object in the following study. To investigate the interaction
between PDCoV N protein and pRIG-I, two truncated mutants
of PDCoV N protein(aa 1 to 246, and 168-342) were constructed
and cotransfected with Flag-pRIG-I into HEK293T cells. The Co-
IP results showed that the PDCoV N(1-246aa), but not another
truncated region, could clearly coprecipitated with pRIG-I
(Figure 3F). PDCoV N(1-246aa) was also significantly arrested
pRIG-I induced porcine IFN-β promoter activation in PK-15
and IPEC-J2 cells (Figure 3G and Supplementary Figure 2).
These results indicated that the N-terminal region was important
for PDCoV N protein to interact with pRIG-I and interfere
its function.
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FIGURE 1 | PDCoV N protein inhibited porcine IFN-β and ISGs expression. (A–C) PK-15 cells cultured in 24-well plates were transfected with porcine IFN-β-Luc

(pGL3-pIFN-β) or porcine NF-κB-Luc (pGL3-pNF-κB) plasmid and pRL-TK plasmid with PDCoV N expression plasmid (pcDNA3.1-HA-PDCoV-N). At 18 h after

transfection, cells were treated or untreated with VSV-GFP or Poly(I:C) (LMW). The cells were then subjected to dual-luciferase assays at 16 h post-treatment. The

relative firefly luciferase activity was relative to that of an empty vector control. The Renilla reniformis luciferase activity was used to normalize. The expression of

PDCoV N protein was detected by western blot with HA antibody. β-actin was detected as the loading control. (D,E) PK-15 cells cultured in 12-well plates were

transfected with pcDNA3.1-HA-PDCoV-N or empty plasmid for 24 h, and then transfected with Poly(I:C) (LMW). (D) After 16 h post transfection, the cells were lysed

by TRZOL to extract the total RNA. The qRT-PCR was used to detect the relative expression of porcine ISGs mRNA. (E) At 12 h post transfection, the VSV-GFP

(MOI = 0.1) infected the PK-15 cells for another 16 h. The GFP was detected by fluorescence microscope. *p < 0.05; **p < 0.01.

PDCoV N Protein Suppressed Porcine
RIG-I Activation
Previous researchers have reported that PDCoV NS6 inhibited
IFN-β production by suppressing the double-stranded RNA
(dsRNA) binding human RIG-I and MDA5 in HEK293T cells
(31). In the present study, PDCoV N protein was proved as a
directly pRIG-I binding protein (Figure 3). It is unclear whether
PDCoV N could compete with porcine RIG-I to bind dsRNA.
To verify this assumption, the poly(I:C) binding assay was
performed. pRIG-I or PDCoV-N was eukaryotic expressed by
transfection in HEK293T cells, respectively. After 28 h, theWCLs

were immunoprecipitated with poly(I:C) (dsRNA) or poly(C)
(ssRNA) beads. The results showed that PDCoV-N and pRIG-
I could bind to the poly(I:C)-beads (Figure 4A). However, only
PDCoV N protein could bind to the poly(C)-beads (Figure 4B).
pRIG-I and dose-increased PDCoV-N expression plasmid were
cotransfected in HEK293T cells. After 28 h, the WCLs were
immunoprecipitated with poly(I:C)-beads. The results showed

that the PDCoV N protein could decrease the binding of dsRNA

and pRIG-I in a dose-dependent manner (Figure 3D). The
results indicated that PDCoV N protein could compete the

binding of dsRNA with pRIG-I.
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FIGURE 2 | PDCoV N protein inhibited porcine IFN-β promoter activation by the porcine RLR signaling pathway. PK-15 cells were cotransfected with

pGL3-pIFN-β,pRL-TL, and pcDNA3.1-HA-PDCoV-N along with constructed expression porcine RIG-I/RIG-IN (pRIG-I/pRIG-IN) (A), porcine MDA5 (pMDA5) (B),

porcine MAVS (pMAVS) (C), porcine TBK1 (pTBK1) (C), or porcine IRF3 (pIRF3) (D). Dual-luciferase assays were performed at 24 h post transfection. The relative

firefly luciferase activity was relative to that of an empty vector control. The Renilla reniformis luciferase activity was used to normalize. Western blot was used to detect

the protein expression of PDCoV N with HA antibody. The β-actin was as the loading control protein. All the experiments were independently performed three times.

**p < 0.01.

However, in our previous study, we also found PDCoV
N protein could directly interact with porcine RIG-I without
dsRNA (Figures 3A,B). This indicated that PDCoV N protein
may have other functions in regulated porcine RIG-I. Previous
finding indicated that viral protein could also inhibit RIG-I
activation by suppressing its polyubiquitination (21, 22, 25). To
explore the role of PDCoV N protein in pRIG-I ubiquitination,
pRIG-I expression plasmid were cotransfected with HA-tagged
ubiquitin (Ub) and PDCoV N or empty plasmid in PK-15 or
HEK293T cells for 28 h. The porcine RIG-I was purification by
Flag affinity gel. Then, the polyubiquitination levels of pRIG-
I were examined by western blot. The results showed that the
polyubiquitination of pRIG-I was significantly increased, and
the polyubiquitination were remarkably decreased by PDCoV
N protein both in HA-tagged ubiquitin transfected PK-15
or HEK293T cells (Figures 5A,B). To further study which
formation of pRIG-I linked-polyubiquitination was suppressed
by PDCoV N protein, the ubiquitin K48R or K63R (HA-Ub-
K48R or HA-Ub-K63R) mutant expression plasmid was used
to co-transfect with porcine RIG-I together with PDCoV-N

expression or empty plasmid in HEK293T cells. The results
showed that PDCoV N protein could decrease the pRIG-I
K48R but not K63R-induced polyubiquitination (Figure 5C). To
further verify the results, the ubiquitin K63 or K48 (HA-Ub-K48
or HA-Ub-K63) only expression mutant plasmid was used to
do the same experiments. PDCoV N protein could significantly
decrease the pRIG-I K63-linked polyubiquitination, but not
the K48-linked polyubiquitination (Figure 5D). All the results
indicated that PDCoV N protein could suppress the pRIG-I
polyubiquitination, especially the K63-linked polyubiquitination.

PDCoV N Could Not Interact With Porcine
Riplet and TRIM25
TRIM25 and Riplet protein were the two important regulated
K63-polyubiquitinations of human RIG-I activation. To further
explore the mechanism of PDCoV-N suppression of pRIG-
I K63-polyubiquitination, porcine TRIM25 (pTRIM25) and
Riplet (pRiplet) were mainly analyzed. pTRIM25 and pRiplet
have only 77.93 and 67.38% identity to human TRIM25
(hTRIM25) and Riplet (hRiplet) by amino acids sequence
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FIGURE 3 | PDCoV N interacts with both pRIG-I and pTRAF3. HEK293T cells were co-transfected with HA-tagged PDCoV-N and Flag-tagged pRIG-I (A–C),

Flag-tagged pMDA5 (A), Flag-tagged TBK1 (B), Flag-tagged pMAVS (B), Flag-tagged pTRAF3 (B,D) or Flag-tagged pIRF3 (B), respectively. After 28 h of transfection,

cells were lysed for co-immunoprecipitation (Co-IP) assay with anti-Flag (IP: Anti-Flag) or anti-HA (IP: Anti-HA) affinity gel. The WCLs and immunoprecipitants were

detected by western blot with anti-Flag, anti-HA or anti-β-action antibody. (E) PK-15 cells were cotransfected with HA-tagged PDCoV-N and Flag-tagged empty

plasmid as control or Flag-tagged pRIG-I, respectively. At 24 h after transfection, cells were fixed for IFA to detect the PDCoV-N (green) and pRIG-I (Red) with anti-HA

and anti-Flag antibodies, respectively. 4′, 6-diamidino-2-phenylindole (DAPI, blue) stained the cell nuclei. Fluorescent images were acquired with a confocal laser

scanning microscope (scar bar: 10µm). (F) Schematic representation of PDCoV N protein fragments used for Co-IP analyses (up). HEK293T cells were cotransfected

with Flag-tagged pRIG-I and HA-tagged full-length or truncated fragments of the PDCoV N protein. After 28 h of transfection, cells were lysed for Co-IP assay with

anti-Flag affinity gel. The WCLs and immunoprecipitants were detected by western blot with anti-Flag, anti-HA, or anti-β-action antibody. (G) PK-15 cells were

cotransfected with pGL3-pIFN-β, pRL-TL, and pcDNA3.1-Flag-pRIG-I alone or together with PDCoV N truncated fragments, respectively. Dual-luciferase assays were

performed at 24 h post transfection. All the experiments were independently performed three times. **p < 0.01.

FIGURE 4 | PDCoV-N suppressed the porcine RIG-I-binding dsRNA. (A) HEK293T cells were transfected with Flag-tagged pRIG-I or HA-tagged PDCoV expression

plasmid. Cells were lysed for Co-IP by poly(I:C) (pIC) or poly(C)(pC)-beads at 28 h post-transfection. Western blot was used to detect the protein. (B) HEK293T cells

were cotransfected with Flag-tagged pRIG-I with different dose HA-tagged PDCoV expression plasmid. After 28 h of transfection, the cells were lysed for

immunoprecipitation by poly(I:C)-beads. Western blot was used to detect the immunoprecipitants and WCLs protein.

analysis, respectively (Figure 6A). The pTRIM25 or pRiplet
expression plasmid was constructed and expressed in PK-15 cells
(Figure 6B). To explore the function of pTRIM25 or pRiplet
in pRIG-I induced IFN-β production, the pTRIM25, or pRiplet
was cotransfected with pRIG-I and pGL3-pIFN-β-Luc and
pRL-TK-Luc plasmid in PK-15 cells for 28 h. The results showed

that pRiplet could significantly promote pRIG-I-induced pIFN-
β-Luc activation (Figure 6C). However, pTRIM25 could not
influence pRIG-I-induced pIFN-β-Luc activation (Figure 6C).
The consistent results were observed in the IPEC-J2 cells
(Supplementary Figure 3A). The results showed that pRiplet
was the more important protein in activating pRIG-I. To
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FIGURE 5 | PDCoV N protein inhibited the pRIG-I K63-linked polyubiquitination. (A,B) HEK293T or PK-15 were cotransfected with Flag-tagged pRIG-I and

Myc-tagged PDCoV N or empty control plasmid with HA-tagged ubiquitin (HA-Ub) or empty control plasmid. (C,D) HEK293T cells were cotransfected Flag-tagged

pRIG-I and Myc-tagged PDCoV N or empty control plasmid with HA-Ub K48R, K63R, K48 only, or K63 only mutant plasmid or empty control plasmid, respectively.

After 28 h of transfection, the cells were lysed for Co-IP by Flag-affinity gel. Western blot was used to detect the immunoprecipitants and WCLs protein.

determine whether PDCoV N protein could influence the
pRiplet-induced pRIG-I-induced pIFN-β production, pRIG-I
and pRiplet were co-transfected with pGL3-pIFN-β-Luc, pRL-
TK-Luc, and PDCoV N or empty plasmid for 28 h in PK-15 cells.
The PDCoV N protein was detected in theWCLs by western blot
(Figure 6D). The results showed that PDCoV N protein could
prominently inhibit pIFN-β-Luc activation which is induced by
pRiplet-promoted pRIG-I (Figure 6D). The consistent results
were confirmed in the IPEC-J2 cells (Supplementary Figure 3B).

TRIM25 and Riplet were also the targets of a virus to suppress
the type I IFN signaling pathway (21, 25). The interactions
between PDCoVN protein and pTRIM25 or pRiplet are explored
in the present study. The PDCoV N and pTRIM25 or pRiplet
expression plasmid were co-transfected in the HEK293T cells for
Co-IP analysis. The results showed that PDCoV N protein was
neither coprecipitated with pTRIM25 nor pRiplet by HA-tagged

affinity gel (Figures 6E,G). The pTRIM25 or pRiplet was also

undetectable in anti-Myc immunoprecipitation (Figures 6F,H).
The results demonstrated that PDCoV N protein could not
directly interact with pTRIM25 or pRiplet.

PDCoV N Protein Interfered pRiplet
Induced pRIG-I K63-Linked
Polyubiquitination
To explore the mechanism of PDCoV N protein-repressed
porcine Riplet-induced pRIG-I activation, first, pRiplet and
pRIG-I plasmid were cotransfected in HEK293T cells for
28 h to analyze their relationship by Co-IP assay. The results
showed that pRiplet could directly interact with pRIG-I
(Figures 7A,B). Then, three pRIG-I mutants expression
plasmids (only contain the 2′CARD, HEL, or RD domain)
or empty plasmid was co-transfected with pRiplet expression
plasmid in HEK293T cells (Figure 7C). The Co-IP results
showed that pRiplet bound to the HEL and RD domain but
not the 2′CARD domain (Figure 7D). Further analysis found
that pRIG-I ubiquitination or K63-linked polyubiquitination
was remarkably increased when the cells were cotransfected
with pRiplet (Figures 7D,E). However, the PDCoV N protein
expression could significantly decrease the pRiplet-induced
pRIG-I ubiquitination and K63-linked polyubiquitination
(Figures 7C,D).
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FIGURE 6 | PDCoV N repressed porcine Riplet-induced pRIG-I activation. (A) The sequence alignment of porcine TRIM25 (pTRIM25) and Riplet (pRiplet) with human

TRIM25 (hTRIM25) and Riplet (hRiplet), respectively, by Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). (B) HEK293T cells were transfected with the

HA-tagged pTRIM25 or HA-tagged pRiplet expression plasmid. After 28 h of transfected, the WCLs were detected with anti-HA antibody by western blot. (C) PK-15

cells were co-transfected with pRIG-I, pGL3-pIFN-β, and pRL-TK plasmid with pTRIM25 or pRiplet, the empty plasmid as the control. Dual-luciferase assays were

performed at 24 h post transfection. (D) PK-15 cells were co-transfected with pRIG-I, pGL3-pIFN-β, and pRL-TK plasmid with pRiplet and Myc-PDCoV-N, the empty

plasmid as the control. Dual-luciferase assays were performed at 24 h post transfection. All the experiments were independently performed three times. (E,G)

HEK293T cells were cotransfected with HA-tagged pRiplet or HA-tagged pTRIM25 or HA-empty plasmid as the control with Myc-tagged PDCoV-N expression

plasmid, respectively. (F,H) HEK293T cells were co-transfected with Myc-tagged PDCoV (Myc-PDCoV-N) or Myc-empty plasmid as the control expression plasmid

with HA-tagged pRiplet (F) or HA-tagged pTRIM25 (H) plasmid, respectively. After 28 h of transfection, the cells were lysed for Co-IP with anti-Myc monoclonal

antibody (IP: Anti-Myc). Western blot was used to detect the immunoprecipitants and WCLs protein. **p < 0.01.

To further understand the mechanism of PDCoV N protein-
binding pRIG-I, three pRIG-I mutants expression plasmids or
empty plasmid was co-transfected with PDCoV N expression

plasmid inHEK293T cells for 28 h. The Co-IP results showed that
PDCoV N protein could bind to both the HEL and RD domain
but not the 2′CARD domain (Figure 7F). The binding domains
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were consistent with pRiplet (Figure 7D). This suggested that
PDCoV N might interfere the binding between pRIG-I and
pRiplet. To confirm the assumption, the pRiplet and pRIG-I
were cotransfected with increasing doses of PDCoVN expression
plasmid in HEK293T cells. The Co-IP results showed that with
the PDCoV N protein increasing, the pRiplet binding pRIG-
I was significantly decreased in the coprecipitates (Figure 7H).
All above results proved that PDCoV N protein could interfere
with pRiplet binding pRIG-I to inhibit the pRiplet-mediated
pRIG-I K63-polyubiquitination.

DISCUSSION

Innate immunity is the first line to defend against virus
infections, especially the production of IFNs and ISGs. Viruses
also have diverse means to evade the host innate immune
response. PDCoV infection suppressing IFN-β production
has also been reported (30). Research has indicated that
PDCoV non-structure protein 5 (Nsp5) encoded a 3C-like
protease, which has lyase activity, to interrupt the IFN-
β signaling pathway by decomposing human NEMO in
HEK293T cells (32). PDCoV Nsp5 also could cleavage the
signal transducer and activator of human transcription 2
(STAT2), an essential component of transcription factor complex
ISGF3, to antagonize IFN-β signaling in HEK293T cells (35).
PDCoV accessory protein 6 (NS6) was proved as another
IFN-β antagonist by interfering with the binding of human
RIG-I/MDA5 to double-stranded RNA in HEK293T cells (31).
In the present study, we found that PDCoV N is another
antagonist of porcine IFN-β production induced by poly(I:C),
VSV, and porcine RLR-signaling molecules (Figures 1, 2 and
Supplementary Figure 1).

Although TGEVN protein has no effect on IFN-β production,
coronavirus N protein as an antagonist of the RLR-mediated
IFN-β signaling pathway has been confirmed in PEDV, SARS-
CoV, MHV, and MERS-CoV (25, 26, 36, 37). However,
previous reports have indicated that the different coronavirus
N protein as an IFN antagonist intervened with the RLR
signaling pathway by targeting different signaling proteins.
SARS-CoV N protein antagonized IFN-β in the initial signaling
pathway (38). The protein activator of protein kinase R
(PACT) is a cellular dsRNA-binding protein potentiating IFN
production by binding to RIG-I and MDA5 (39, 40). The
mouse hepatitis virus (MHV) and SARS-CoV N protein could
interact with PACT to suppress the dsRNA translocated to
RIG-I and MDA5 (36). The PEDV N protein was found to
interact with human TBK1 and IKKε to inhibit the human
TBK1/IRF3 complex confirmed to suppress IFN-β production
(26). In the present study, we proved that PDCoV N directly
interacts with pRIG-I and pTRAF3 (Figure 3), which is different
from the previously reported coronavirus N protein, such as
PEDV, SARS-CoV, MERS-CoV, and MHV.C-terminal region of
SARS-CoV nucleocapsid protein was critical for antagonizing
IFN-β response (38). However, the N-terminal region was
necessary for PDCoV N protein to inhibit porcine IFN-β
response by targeting pRIG-I (Figures 3F,G). Furthermore, we
also found that PDCoV N protein significantly inhibited the
porcine IRF3 induced IFN-β promoter activation. However,

the PDCoV N protein was showed not interacting with
porcine IRF3 protein, suggesting another target signal molecule
of PDCoV N protein may exist in the downstream of
porcine IRF3.

RIG-I and MDA5 contain three similar structures: 2′CARDs,
HEL, and C-terminal domain (CTD) (15). RIG-I and MDA5
sense distinct RNAs depending on their different C-terminal
structures. The C-terminal structure of human RIG-I contains
a conservative internal repressor domain (RD), but this is not
found inMDA5 (15). In the present study, we found that PDCoV
N protein could directly interact with porcine RIG-I but not
porcine MDA5. In addition, the RD domain was important for
PDCoV N protein interacting with porcine RIG-I (Figure 6F).
This may explain why PDCoV N protein specifically binds to
porcine RIG-I.

Viral nucleic acids as pathogen associated molecular pattern
are sensed by the host pattern recognition receptors after
a viral infection. RIG-I and MDA5 are the major members
of intracytoplasmic pathogenic molecular pattern recognition
receptors that sense the intracellular viral RNA. Hence, one
mechanism of the RNA virus escaping from host immune
surveillance is to protect its ssRNA or dsRNA not to be
recognized by RIG-I and MDA5. The MERS 4a protein is
a dsRNA-binding protein that interacts with PACT in an
RNA-dependent manner but not with RIG-I or MDA5, which
suppresses the PACT-induced activation of RIG-I and MDA5
(41). PDCoV accessory protein 6 (NS6) could not bind dsRNA
or ssRNA. However, eukaryotic-expression of PDCoV NS6
in HEK293T cells has been found to directly interact with
human RIG-I and MDA5, and suppresses the host recognition
of dsRNA (31). In the present study, PDCoV N protein was
proven as a new member competing with porcine RIG-I binding
dsRNA (Figure 4B). This is a mechanism of PDCoV N protein
suppressing porcine IFN-β induction (Figure 8). It is noteworthy
that the NS6 protein must be synthesized in infection cells,
unlike the N protein, which can come from the parent virus
itself. Therefore, we propose a hypothesis that there may be a
synergistic effect between PDCoV N protein and NS6 protein. In
the early stage of virus infection, especially before the synthesis
of NS6 protein, the competitive binding dsRNA of PDCoV N
protein inhibits the activation of pRIG-I. With the synthesis and
expression of NS6 protein, the function of PDCoV N protein is
replaced by NS6, which is conducive to N protein binding the
viral gRNA to complete the assembly of progeny virus.

In addition, PDCoV N protein could inhibit porcine RIG-
I or MDA5-induced pIFN-β promoter activation. The results
indicated that PDCoV N protein may have another function
to regulate the porcine RIG-I activation or suppress the
downstream signaling transduction. TRAFs have an important
role in signal transduction to regulate the immune and
inflammatory responses. The C-terminal domain of TRAFs
mediates its oligomerization and the association with upstream
or downstream effector protein. TRAF3 has been considered
the important signaling molecule as the bridge between
MAVS and TBK1 (19). SARS-CoV papain-like protease could
negatively regulate IRF3 activation by interacting with the
STING-TRAF3-TBK1 complex (42). SARS-CoVMprotein could
suppress the TBK1/IKKε-dependent activation of IRF3/IRF7
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FIGURE 7 | PDCoV N protein inhibited pRiplet-induced pRIG-I K63-polyubiquitination. (A,B) HEK293T cells were co-transfected with HA-tagged pRiplet or

Flag-tagged pRIG-I or empty plasmid as the control with Flag-tagged pRIG-I or HA-tagged PDCoV-N expression plasmid, respectively. After 28 h of transfection, the

cells were lysed for Co-IP by Flag-affinity gel or HA-affinity gel. (C) Schematic representation of porcine RIG-I fragments used for Co-IP analyses. (D,G) HEK293T cells

were co-transfected with HA-tagged pRiplet (D) or HA-tagged PDCoV-N (G) with three porcine RIG-I fragments (Flag-pRIG-I-2′CARD, Flag-pRIG-I-HEL,

Flag-pRIG-I-CTD), or expression plasmid, respectively. After 28 h of transfection, the cells were lysed for Co-IP by Flag-affinity gel. (E,F) HEK293T cells were

co-transfected with Flag-tagged pRIG-I and HA-Ub or HA-Ub-K63 with Myc-tagged PDCoV-N or HA-tagged pRiplet or empty control plasmid, respectively. After 28 h

of transfection, the cells were lysed for Co-IP by Flag-affinity gel. (H) HEK293T cells were co-transfected with HA-tagged pRiplet and Flag-tagged pRIG-I with

Myc-tagged PDCoV-N or empty plasmid as the control expression plasmid, respectively. After 28 h of transfection, the cells were lysed for Co-IP by Flag-affinity gel.

Western blot was used to detect the immunoprecipitants and WCLs protein.

by preventing the formation of TRAF3/TANK/TBK1/IKKε

complex (43). The C-terminal effector domain of AIV NS1
also interacts with the TRAF3 protein to decrease its K63-
linked polyubiquitination and disrupt the formation of the
MAVS/TRAF3 complex (44). In the present study, we confirmed

that PDCoV N protein also directly interacted with porcine
TRAF3 (Figure 3). The mechanism of PDCoV N protein
targeting porcine TRAF3 to mediate the type I interferon
signaling pathway is unclear and is currently being explored by
our team.
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FIGURE 8 | The mechanism of PDCoV N protein interfered with the type I IFN response. PDCoV infect the host cells by attaching to the celluar receptor porcine APN.

In the cytoplasm, PDCoV release the viral genomic RNA and then complete the transcription and replication process. The ssRNA as well as dsRNA as replicative

intermediate are sensed by porcine innate nucleic acids sensors in the cytoplasm to induce the IFNs production, such as porcine RIG-I. The E3 ubiquitin ligase Riplet

is shown to active RIG-I by K63-linked polyubiqutination. Activation of JAK-STAT pathway by IFNs binding its receptor induces the production of ISGs, such as OAS1,

ISG15. In the present, PDCoV N protein can block the porcine RIG-I dsRNA-binding and interferes with porcine Riplet-mediated porcine RIG-I K63-linked

polyubiquitination to restrain the type I IFN response. PDCoV N protein also interacts with porcine TRAF3. However, the mechanism of the association is unclear. The

other viral structure proteins are unclear in regulating type I IFN response.

Ubiquitination is an important posttranslational modification
in regulating the activation of signaling molecules. The E3
ubiquitin ligases TRIM25, TRIM4, and Riplet were proven to
catalyze the K63-linked polyubiquitination of RIG-I in CARDs
and CTD, respectively (17, 45–47). Suppressing the ubiquitin
ligases binding with its target protein is another means of virus
interfering with the host IFN-β production. AIVNS1 protein also
could suppress RIG-I activation by species-specific interaction
with TRIM25 or Riplet (21). The West Nile virus NS1 also
antagonizes IFN-β production by inhibiting RIG-I and MDA5
K63-linked polyubiquitination (22). The SARS-CoV N protein
directly interacts with human TRIM25 to suppress the RIG-I
K63-linked polyubiquitination (25). The MERS-CoV N protein
has a similar function as SARS-CoV N to inhibit RIG-I activation
(25). However, we found that PDCoV N protein neither interacts
with pTRIM25 nor pRiplet (Figures 5D–G). In the present study,
we also found that pTRIM25 could not promote the activation
of pRIG-I induced IFN-β promoter (Figure 6C). It indicated that
the role of homologous proteins among different speciesmight be
different in regulating the activation of RLR signaling pathway.
This may be an important reason for coronavirus N protein

interaction with different proteins to regulate the host innate
immunity in different hosts.

The mechanism of Riplet-mediated RIG-I activation
remains unclear. hRiplet could promote the K63-linked
polyubiquitination of the RIG-I CARD domain, which was
indispensable for interaction between Riplet and RIG-I (34, 48).
However, hRiplet was also found mainly interacting with the
RIG-I RD domain and promoting the RD domain K63-linked
polyubiquitination to release RIG-I autorepression (16, 47). In
the present study, we found that pRiplet, as the homologous
gene of hRiplet, could directly interact with pRIG-I, which
was dispensable for the HEL and RD domain but not the
CARD domain (Figure 7). pRilet mediated pRIG-I activation by
increasing the pRIG-I K63-linked polyubiquitination. However,
PDCoV N protein could suppress the pRiplet-mediated pRIG-I
activation to induce IFN-β production. Further exploration
demonstrated that PDCoV N protein blocked the pRIG-I
K63-linked polyubiquitination by interfering pRiplet binding
to pRIG-I (Figure 8). Two theories of the interfering binding
mechanismmight exist: First, because of the same target domains
of PDCoV N protein and pRiplet binding pRIG-I, they may be
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competitively binding pRIG-I. On the other hand, we found that
pRiplet mainly binds to the HEL domain of pRIG-I (Figure 7D),
while PDCoV N protein mainly binds to the CTD of pRIG-I
(Figure 7G). The human RIG-I CTD could interact with the
HEL and CARD domain to self-repression (15). Hence, another
reason is that the protein conformation of pRIG-I might be
changed after binding to PDCoV N protein, which leading the
pRiplet could not interact with pRIG-I. To our knowledge, this
is the first time that coronavirus N protein has been reported
to interfere the host immune system by directly targeting host
RIG-I. These results provide insight into a novel mechanism of
PDCoV inhibiting the host antiviral response.
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Porcine reproductive and respiratory syndrome virus (PRRSV) causes immune

dysregulation during the Critical Window of Immunological Development. We

hypothesize that thymocyte development is altered by infected thymic antigen presenting

cells (TAPCs) in the fetal/neonatal thymus that interact with double-positive thymocytes

causing an acute deficiency of T cells that produces “holes” in the T cell repertoire

allowing for poor recognition of PRRSV and other neonatal pathogens. The deficiency

may be the result of random elimination of PRRSV-specific T cells or the generation

of T cells that accept PRRSV epitopes as self-antigens. Loss of helper T cells

for virus neutralizing (VN) epitopes can result in the failure of selection for B cells

in lymph node germinal centers capable of producing high affinity VN antibodies.

Generation of cytotoxic and regulatory T cells may also be impaired. Similar to

infections with LDV, LCMV, MCMV, HIV-1 and trypanosomes, the host responds to

the deficiency of pathogen-specific T cells and perhaps regulatory T cells, by “last

ditch” polyclonal B cell activation. In colostrum-deprived PRRSV-infected isolator piglets,

this results in hypergammaglobulinemia, which we believe to be a “red herring” that

detracts attention from the thymic atrophy story, but leads to our second independent

hypothesis. Since hypergammaglobulinemia has not been reported in PRRSV-infected

conventionally-reared piglets, we hypothesize that this is due to the down-regulatory

effect of passive maternal IgG and cytokines in porcine colostrum, especially TGFβ which

stimulates development of regulatory T cells (Tregs).

Keywords: hypergammaglobulinemia, PRRS virus, T cell repertoire, thymic atrophy, hypothesis

BACKGROUND AND HYPOTHESIS

Porcine reproductive and respiratory syndrome (PRRS) is a major threat to swine health and
global pork production. It is considered responsible for an annual 660 million dollar loss to the
pork industry in the USA alone with proportionally similar loses in other countries (1; Lager
this volume). The disease is a pandemic and ∼25 years of research has yet to clearly define
the immune pathology that allows the virus to persist in young pigs for up to 150 dpi (1).
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Therefore, we believe it is time to offer a testable hypothesis to
explain the immune pathogenesis and persistence of PRRS in
the belief that combating the PRRS pandemic and engineering
vaccines depend on identifying the cause of the immune
dysregulation. We believe that attenuated viral vaccines will have
limited success unless they prevent infection of thymic antigen
presenting cells (TAPCs) during the period in which the T cell
repertoire is being developed.

PRRS is caused by a member of the Arteriviridae, order
Nidoviralies, which includes lactate dehydrogenase elevating
virus in mice (LDV), equine arterivirus (EAV), and simian
hemorrhagic fever disease (SHFV). The virus is trophic for
macrophages and dendritic cells, whereon, CD163 serve as a
receptor (2) and when deleted, prevents macrophages infection
(3). As indicated by the name, Porcine reproductive and
respiratory syndrome virus (PRRSV) causes both fetal abortion
and respiratory disease. Neonates are especially susceptible to
viral and bacterial pathogens, because they encounter them
during a critical period in development. The situation with PRRS
is made more difficult in Class III Artiodactyls like swine (4, 5)
because the virus can cross the placenta but protective maternal
antibodies or cytotoxic T cells (CTLs) cannot. The mechanism
of placental transfer of the virus is unclear, but may involve
infected macrophages as is the case with LDV (6). Transfer
may be facilitated by virus-induced apoptosis at the maternal-
fetal interface (7). In any case, the primary target in fetuses
is the thymus (8). Not surprisingly, fetal piglets develop the
same features of immune dysregulation as seen in isolator piglets
(9, 10). In contrast to piglets, infected adult swine make effective
VN antibodies and can eliminate the infection (11) and VN
antibodies from convalescent sows experimentally administered
to piglets provide sterilizing immunity (12). These observation
indicate that PRRS is a fetal/ newborn disease that strikes during
the Critical Window of Immunological Development (13).

Early reports on PRRS showed that PRRSV-infected fetal
and newborn piglets had increased susceptibility to secondary
pathogens (14–17). More recent observations support this
view (18–21). Co-infection studies using swine influenza (SIV),
porcine circovirus Type 2 (PCV-2), Salmonella choleraesuis,
Mycoplasma hyopneumoniae, and Streptococcus suis all result
in prolonged fever and respiratory distress in PRRSV-infected
piglets compared to controls infected with these pathogens alone.
Twenty of 22 PRRS piglets co-infected with S. suis died, but
only 5 of 23 infected with S. suis (22). Anti-PRRSV antibodies
can be detected 6–14 dpi (22, 23) but VN antibodies do not
appear before 28 dpi or later (24, 25), reminiscent of lymphocyte
choriomeningitis virus (LCMV) infections inmice (26). Thus, the
lack of VN antibodies when they are most needed, is one feature
of this persistent viral disease. These observations collectively
suggest that PRRSV infection induces immune suppression, i.e.,
neonatal immune dysregulation. This seems consistent with
the acute lymphopenia after infection (27–30) although this
can also occurs in many infectious diseases as monocytes and
lymphocytes translocate from blood to hard tissue sites.

Some features of immune dysregulation are exaggerated
in piglets reared in isolator units that are denied access to
maternal colostrum and a natural gut flora. These piglets

develop severe hypergammaglobulinemia, exhibit lymph node
hyperplasia, develop lung lesions while autoantibodies appear
and immune complexes are deposited in their kidneys and
vasculature (9). Figure 1 shows that IgG levels are elevated ∼20-
fold and IgA and IgM levels are elevated 10-fold in PRRSV-
infected piglets vs. littermates infected with SIV and PCV-2.
While data on serum Ig levels in conventionally-reared piglets
is limited, there are no reports of hypergammaglobulinemia.
In any case, comparison of conventionally-reared piglets with
isolator piglets indicates that IgG, IgM, and IgA levels in serum
during hypergammaglobulinemia are circa 2-fold higher than
in conventionally-reared piglets (Figure 1, note double arrows).
Colonization with benign E. coli does not reduce the degree of
hypergammaglobulinemia (Figure 1) yet the same benign E. coli
stimulates development of their adaptive immune system (31).

Consistent with hypergammaglobulinemia in isolator piglets,
PRRSV strongly stimulates B cell activity resulting in swift
differentiation of naive CD2+CD21+ B cells to CD2+CD21−

antibody-forming cells (AFC) seemingly by-passing the presence
of primed CD2−CD21+ B cells [Figure 2; (34)]. This decrease
in CD21+ B cells has also been observed in PRRSV-infected
conventional piglets (25, 28, 29). In isolator piglets this results
in a 5-fold increase in circulating B cells and high levels of
Ig producing cells in secondary lymphoid tissues compared to
infection with SIV and PCV-2. This increase is especially notable
3 weeks after infection and is inversely correlated with a shift
from CD4+CD8− αβ T cells to double positive (DP) T cells
(see later). We believe that rapid differentiation in the B cell
compartment of PRRSV-infected isolator piglets explains the
hypergammaglobulinemia of all isotypes (Figure 1). Such a rapid
differentiation process would seem to leave little time for effective
germinal center (GC) activity in lymph nodes that require virus-
specific helper T cells to select B cells with high affinity BCRs
for PRRSV epitopes. The polyclonal expansion of the major Vβ

families suggests that the extraordinary B cell expansion must be
is driven by non-specific helper T cells rather than the few that
are virus-specific (34).

Although the number of lymph node GC has not been
quantified or characterized in PRRS, the scenario we describe
predicts that antibody repertoire development in PRRSV-
infected piglet would be poor or retarded since their Repertoire
Diversification Index (RDI) is indistinguishable from that of fetal
and germfree piglets [(35); Figure 3A]. Thus, germline B cell
populations that differentiate to AFC cells do so with limited
selection for antigen specificity. This is supported by comparative
spectratypic studies of the CDR3 region of heavy chain variable
region genes (HVCDR3). These show that the HVCDR3
spectrum in PRRSV-infected piglets resembles the unselected
spectrum of germfree piglets whereas that for SIV and PCV-2
infected piglets shows selection of specific clones (34). Analyses
of VDJ sequences from PRRSV-infected piglets display the
strongly hydrophobic characteristic of an undiversified antibody
repertoire [(36, 37); Figure 3B]. An analysis of >415 HVCDR3
sequences showed that when examined in a hydropathicity
profile, 92 sequences from PRRSV-infected piglet gave peaks at
0.4 and 0.7 which most resembled newborn piglets whereas in
adults and SIV-infected controls, the index shifted to 0.1–0.3
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FIGURE 1 | PRRSV-induced hypergammaglobulinemia in isolator piglets. Serum IgG, IgA, and IgM levels during 4 weeks post infection in isolator piglets infected with

low pathogenic PRRSV strain VR-2332, PCV-2, SIV, and germfree controls. Also shown are levels in PRRSV-infected isolator piglets that were colonized with benign

E. coli. Double arrows indicate the mean Ig levels at 28 days postpartum in conventionally-reared piglets. Error bars are SEM. Those for PCV-2 and SIV are often

smaller than the symbol and were therefore omitted. Legend is on the figure.

FIGURE 2 | Analysis of lymphoid cells and B lymphocyte subsets from the bronchio-alveolar lavage following infections of isolator piglets with PRRSV VR-2332 strain

and SIV. Cell suspensions were analyzed according to phenotype using flow cytometry. The CD2−CD21+ subpopulation is comprised of primed/activated while

CD2+CD21− are memory/plasma cells. The functional role of these subpopulations has been described (32, 33). Statistically significant difference from GF animals

are indicated by asterisks.

with a loss of clones in the 0.5–0.9 range. In the case of PRRS,
the hydrophobicity appears dependent on the use of RF3 of
DHA (HVD1) and many transcripts display the AMVLV motif.
Thus, antibodies with hydopathicities of 0.4 and 0.7 are products
of B cells that like those in newborns, have not diversified
their repertoire under pressure from antigen and antigen-specific
helper T cells.

In a polar environment, antibodies with hydrophobic binding
sites may result in aggregation and give rise to what some call
hydrophobic immune complexes that bind to ELISA plates even
in the presence of Tween 20 (38, 39). Whether these are indeed
immune complexes or IgG aggregates has not been tested. In
any case, they are also deposited in the vasculature and kidney
(9). Authentic autoantibodies are also a feature of PRRS (9) and
LDV in mice (40) and include antinuclear antibodies and those
directed to the Golgi. Whether aggregates or true autoantibodies,
both phenomena are signs of immune dysregulation. Further
support for immune dysregulation is that IDEXX tests indicate
that <1% of IgG in PRRSV-infected isolator piglets is specific

to PRRSV and are merely the consequence of non-specific B cell
activity and may be of little virus-protective value (9).

The hypergammaglobulinemia seen in PRRSV-infected
isolator piglets was a striking distraction in swine immunology
until it was realized that especially polyclonal B cell activation and
sometimes hypergammaglobulinemia, are common in numerous
viral, bacterial and parasitic infections (41). While lymphopenia,
lack of VN antibodies and hypergammaglobulinemia are
symptoms of immune dysregulation, these alone are unlikely
to be the cause of viral persistence. Rather there is a more
compelling feature of PRRSV pathology which dates to the
earliest observations on PRRSV-induced pathology that
identified the thymus as one of the target organs (8, 22) and
in extreme cases, reported its complete absence (41, 42). This
correlated with a delayed antibody response and a decrease in
helper cell-associated IL-4 (42). Thymus atrophy (Figures 4A,C)
can explain PRRS-related lymphopenia (27, 28, 30, 42) and
its severity is directly correlated with strain virulence (44, 46).
Immunohistochemical studies indicate that thymocytes are
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FIGURE 3 | Antibody repertoire development in PRRSV-infected isolator piglets. (A) Repertoire development measured as a repertoire diversification index (RDI) for

various piglet groups in which error bars represent the SEM. PIC, antigenized adults; C/V, colonized SIV-infected piglets; 95d, fetal piglets at 95 days of gestation. (B)

Hydropathicity profiles for HVCDR3 of PRRSV strain VR-2332 -infected piglets compared to antigenized adults (PIC) or GF newborn piglets. Numbers in parentheses

indicate the number of clones sequenced. [From Butler et al. (35)].

undergoing apoptosis (Figure 4F) and flow cytometric studies
show that DP thymocytes are depleted (Figures 5A,B). Depletion
of DP thymocytes is greatest with the highly virulent HuN4
strain (Figure 5B) which explains why the relative proportion
of immature CD4+ and CD8+ cells in the thymus is elevated
(44). Histological studies show that the PRRSV nuclear antigen
is localized to CD14+ thymic cells [Figure 4G; (45)]. The latter
observation is not surprising since PRRSV infects monocyte
lineage cells and there is no evidence that cells other than
TAPCs are involved in thymocyte development (53, 54). DP
thymocytes are a focal point in the process of T cell “selection
and education” so that damaging or deleting them through
interaction with infected TAPCs would almost certainly affect
the emerging T cell repertoire and its ability to recognize foreign
epitopes including those of viral and other pathogens. Figure 5C
shows that thymocyte depletion in PRRSV-infected piglets
does indeed produces “holes” in the T cell repertoire. Thus, a
deficiency of peripheral helper T cells due to loss of precursors
CD4+CD8+ thymocytes, even if random, could explain the delay
in the appearance of high affinity antibodies that can neutralize
PRRSV. Interestingly there are no reports of thymic atrophy or
lymph node adenopathy in EAV and this arterivirus infection is
typically resolved without persistence in contrast to PRRS (55).
There are no reports of thymic atrophy in PCV-2 and SIV and
as shown in Figure 1, these infection in isolator piglets are not
associated with hypergammaglobulinemia.

In studies using isolator piglets, the level of CD4+CD8−

α/β cells in blood gradually decreases in piglets infected with

the mildly pathogenic PRRSV VR-2332 compared to littermates
infected with SIV and PCV-2 (34). This decrease is also seen
in PRRSV-infected conventionally-reared piglets (28, 29, 43)
especially using highly pathogenic strains (HP-PRRSV). Infection
with both mild and HP-PRRSV strains also results in a decrease
in CD8α+ γ/δ T cells. In both PRRS isolator piglets and
conventional piglets, there is a sharp rise in CD4+CD8+ α/β
T cells after 21–28 dpi. These peripheral DP cells, that express
CD8α, have been regarded as either “activated” or “memory”
helper T cells. The kinetics of the reciprocal decrease in CD4+

and increase in these DP α/β T cells might suggest this is merely a
phenotypic/differentiation event in the same CD4+ T cells which
may reflects a change in function. The increase in DP helper
T cells parallels the increase in CD2+CD21− AFC in the BAL
suggesting they may drive terminal differentiation of B cells at
this site, resulting primarily in IgA+ cells (34).

Discussion of thymic atrophy and thymocyte deletion also
needs to consider the concept of central immune tolerance.
During the Critical Window of Immunological Development
(13), the offspring’s immune system makes numerous decisions
regarding how to respond to environmental and self-antigens
and these depend heavily on the action of T cells. Therefore,
any impairment of T cell development can impact both antibody
and CTL development and function. There are several scenarios.
First, PRRSV-infected TAPCs mediate random apoptosis of
developing DP thymocytes including those that recognize all
foreign epitopes including those of PRRSV and other pathogens.
A second possibility is that the infected TAPCs present PRRSV
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FIGURE 4 | Thymic atrophy and localization of PRRSV in thymic APCs. (A–D) (upper tier). Macroscopic and histological evidence of thymus atrophy in which (A,C)

are from infected piglets. Thymocytes in the cortex (Co) are depleted and replaced by granulocytes. M, medulla. (E–H) (Lower tier). Immunohistology of infected and

control thymi. In all sections, blue, nuclei stained with DAPI. (E,G) are from piglets infected with the high path HuN4 strain while (F,H) are from control piglets. In (E,F),

apoptotic cells are red, CD3+ cells are green and double-strained cells (green + red) are yellow. In sections (G,H), CD14+ APC are green, those containing the

PRRSV N protein are red so that infected APCs are yellow. [From Wang et al. (43), He et al. (44), and Li et al. (45)].

FIGURE 5 | Consequence of PRRSV infection in the porcine thymus and periphery. (A) Differentiation pathways of αβ and γδ thymocytes in swine (47–51). Shaded

subsets are those which are significantly decreased during infection with low pathogenic VR-2332. (B) Flow cytometric comparison of non-infected (control) and

PRRSV infected pigs with high-pathogenic strain HuN4 and low-pathogenic strain CD-1a shows that CD4+CD8+ thymocytes of αβ lineage are depleted after PRRSV

infection depending on their pathogenicity (44). Asterisks (* and **) denote significance at the 0.05 and 0.01 levels, respectively. (C) Analysis of peripheral αβ T cells by

CDR3 length analysis (52) of T cell repertoire (TCRBV) isolated from peripheral blood (indicated by P) and Broncho alveolar lavage (indicated by L) from piglets infected

with the VR-2332 strain is also shown. Analysis done for VβI–VβIII families (I–III), VβIV–VβVI families (IV–VI), and VβVII family (VII) (47). The hole in TCRβ repertoire in

PRRSV infected animals is boxed. Lengths of CDR3 are indicated on left and include number of nucleotides (nt) from the 3′end of V segment to the 3′end of J

segment (34).
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epitopes as self-peptides to DP thymocytes triggering their
apoptosis and thus eliminating them from the developing T cell
repertoire. The mechanisms of DP elimination is the same as
used in central tolerance induction. Such thymocytes deletion
would be selective and dependent on the affinity of their
TCR for particular PRRSV epitopes. A third possibility is that
some elements of both mechanisms operate simultaneously to
impair the ability of developing piglets to recognize PRRSV and
other pathogens.

Both models can explain the persistence of PRRSV infections,
the low levels of IL-4 and the CD4+ lymphopenia. The random
depletion model is consistent with the increased susceptibility
of piglets to other pathogens (14–17), and can explain why
there are sufficient non-specific T cells to aid polyclonal B cell
activation (9, 34). However, it cannot easily explain why pan-
specific and anti-nucleocapsid (NC) responses are normal (23,
56) while VN antibody responses are consistently delayed (57).
The last pattern is a better fit for the second scenario in that
thymocytes with TCRs that tightly bind VN epitopes are deleted
but not those to NC epitopes and others which bind poorly. It
is well known that thymocytes with low affinity TCRs survive
“thymic education.” In normal individuals, these comprise the
autoreactive T cell subset. In our hypothesis and scenario, they
are the DP thymocytes that bind poorly to NP T cell epitopes.
The third scenario is a “fail-safe” argument which includes the
central tolerance scenario, and can explain all available data.

In contrast to piglets, PRRSV induced depletion of DP
thymocytes in adult swine would not prevent the production
of the effective VN antibodies that can transfer protection
(11, 12). Adult animals, not infected with PRRSV, fetally or
neonatally, would have experienced normal, undisturbed thymus
development and therefore, should have developed a normal
peripheral T cell repertoire. This includes T cells able to help
in the selection and proliferation of B cells with high affinity
BCRs for VN epitopes. If thymocyte loss occurs in adult animals,
it would be too late to seriously impair the T cell repertoire.
Thus, there would be sufficient peripheral T cells to recognize
PRRSV epitopes including those needed for the production of
high affinity VN antibodies and those of other pathogens.

Since our hypothesis revolves around thymic atrophy, we
need to mention that thymic atrophy occurs in many infectious
diseases and often results in apoptosis of DP thymocytes. These
typically comprise 80% of all thymocytes in mice and are under
heavy selective pressure in the healthy thymus so that apoptotic
cells are a normal feature of thymocyte development even in
normal individuals. However, thymic atrophy and apoptosis is
increased in AIDS, rabies, hepatitis, pestiviruses in cattle and
swine and especially parasitic diseases (58–62). Infection of the
mouse thymus by highly virulent influenza can also cause thymic
atrophy (63). Similar to PRRS, thymic atrophy is positively
correlated with virulence but interestingly in Chagas disease,
a non-virulent strain of the parasite does not induce thymic
atrophy (64). In most cases, the thymic epithelium is infected or
damaged and elements of the extra-cellular matrix, e.g., laminin,
collagen, etc. are deposited in higher than normal amounts.
In parasitic infections and AIDS, macrophages and DCs are
infected, similar to what is described for the TAPCs in PRRS.

It appears that a number of infectious agents target the thymus,
presumably to knock-out or dampen the host’s specific immune
recognition system and thereby allow the pathogen to thrive.
Different pathogens may use somewhat different mechanisms to
attack different elements of T cell development, but all with the
same overall objective.

If thymic atrophy and interference with T cell development
is common to so many infectious agents, why have PRRS
researchers not examined this issue given that much older studies
in mice showed that in utero infection with LCMV and hepatitis
B lead to loss of virus-specific T cells (65, 66)? Since >25 years
of PRRS research has failed to identify the immune pathology
of the PRRS pandemic, we chose to remind investigators of the
thymic atrophy which occurs in PRRS and to emphasize its effect
on development of the T cell repertoire.

Much like thymic atrophy, polyclonal B cell activation and
hypergammaglobulinemia are features of many viral infections
including choriomeningitis virus (LCMV), LDV and HIV-1
(41, 67, 68). As with PRRS, only a small proportion of the
excessive amount of IgG is specific for the virus (9). While
this has not been measured for IgM and IgA, the lack of
variable region diversity in PRRS (34, 36, 37) predicts it
would affect all isotypes. The phenomenon seems to be the
work of non-specific T cells including those promoting isotype
switch (67) and has been observed for other viruses (68–
70). While perhaps driven by LCMV, HIV-1, trypanosomes
and PRRSV, class-switch recombination in swine occurs even
during mid-gestation in the absence of environmental antigen
or infection (71). In both PRRSV and HIV-1, infection results
in a peripheral T cell deficiency. Either directly or indirectly,
hypergammaglobulinemia and its ensuing events rely on some
form of T cell, since TCRβ

−/− athymic mice and those lacking
CD40L, do not develop hypergammaglobulinemia.

Numerous polyclonal B cell activators have been described
including parasite proteins, Staphylococcal protein A, gp120 of
HIV, envelope glycoproteins of LDV and various PAMPs acting
through TLRs (41). While no candidate has been described for
PRRS, unpublished reports that killed PRRSV can also activate B
cells, and the virus presents a B cell superantigen, may supports
the latter. Naturally cytokines are involved and since PRRSV
infects macrophages, IL-6 is an obvious candidate. In IL-6
deficient mice infected with murine cytomegalovirus (MCMV),
polyclonal B cell activation is reduced (72). In trypanosome-
induced polyclonal B cell activation, stimulation of CD11b+
cells results in production of IL-6, IL-10, and BAFF (73). The
consensus view in infectious diseases is that B cell differentiation
is dependent on IL-6 and IL-1 derived from macrophages and
dendritic cells. IL-15 may also be involved (74).

The polyclonal B cell activation that we observed in PRRSV-
infected isolator piglets has another feature similar to what is
seen with HIV-1. In HIV-1, GC formation is delayed or absent
in gut-associated lymphoid tissues [GALT; (67)] so that B cell
development proceeds without antigen selection in the mucosal
immune compartment. Unfortunately, the current literature
provides no quantitative or qualitative information about lymph
node GC in PRRSV-infected piglets or adult swine, the latter
which develop sterilizing immunity. Of interest is that LCMV
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which causes thymic atrophy and polyclonal B cell activation, is
also associated with a delay in appearance of VN antibodies from
70 to 200 days (26) reminiscent of events in PRRS (24, 25).

Since polyclonal B cell activation is a common feature of
various viral diseases and was pronounced in isolator piglets
infected with PRRSV (Figure 1), it is worthwhile to ask whether
it provides some protection to the host, favors the infectious
virus or is just a distractive by-stander event. This subject was
treated by Montes et al. (68) and the phenomenon summarized
below. On the negative side, polyclonal B cell activation can be
a distractive mechanism triggered by pathogens to lower the
probability for pathogens to encounter a pathogen-specific B
cell. On the positive side, it causes the production of natural
antibodies that have a broad range of specificities, although their
affinity for any particular pathogen might be low (37). Either
scenario requires the host to expend energy to produce antibodies
that are poorly designed to neutralize or eliminate the pathogen.
Since polyclonal B cell activation appears to parallel a deficiency
of antigen-specific T cells, it suggests that the phenomenon
reflects a kind of “desperation” by the host, or “all-out-war” in
hopes that the pathogenic threat can be handled using the “brute
force” of natural antibodies.

A “dark side” feature of polyclonal activation is the
appearance of autoantibodies. When secreted in large amounts,
these can have pathological consequences. During “normal”
immunological development of lymphocytes in fetal and
neonatal vertebrates, autoreactive T cells are selected against
during thymocyte development, an event which leads to central

tolerance. One characteristic of arteriviruses is the production
of autoantibodies to NP and the Golgi apparatus (9, 40).
Establishing central tolerance depends on thymic TAPCs which
in PRRS, are virus-infected. Hence, their ability to present antigen
to the developing DP thymocytes may be impaired, allowing
self-reactive T cells to leave the thymus along with those that
consider PRRSV as “self.” Self-reactive B cells are de-selected in
bone marrow during B cell lymphogenesis but unlike T cells,
can be somatically generated throughout life. Nevertheless, their
expansion and differentiation still depends on antigen-specific T
cells. A low level of autoreactive T and B cells is normal and only
foster autoimmune disease when their numbers are abnormally
elevated by high concentrations of self-antigens, which may
explain their detection in PRRS.

While investigators studying PRRSV infections in
conventional piglets regularly report polyclonal B cell
activation and lymph node adenopathy (75), none report
the hypergammaglobulinemia seen in isolator piglets (Figure 1).
Rather, limited and unpublished data suggest that IgG levels
in PRRS after 4 weeks are similar to the norm reported for
healthy piglets of the same age (Figure 1; see double arrows).
The paucity of data on this point may be because investigators
decided that hypergammaglobulinemia would be masked in
conventionally reared piglets that ingested a bolus of maternal
colostrum. This would be true if measurements were made
before 25 days after birth but would no longer be true 4 weeks
postpartum (PP) when >95% of serum Ig in piglets is of de
novo origin (Figure 6). The alternative and more plausible

FIGURE 6 | Regulation of de novo Ig synthesis in suckling piglets by IgG of maternal origin. (A) (Top). Serum IgG levels in piglets for which suckling was delayed in 6 h

interval for up to 24 h. postpartum (PP). Legend on figure. Error bars eliminated to remove clutter. (B) (Bottom). The level of de novo synthesis of IgG, IgM, and IgA 4–8

weeks PP in piglets in which suckling was delayed at 6 h intervals for up to 24 h. Error bars removed to avoid clutter.
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explanation is that hypergammaglobulinemia is weak, absent
or easily overlooked in PRRSV-infected conventionally-reared
piglets. Unlike isolator piglets, they receive colostrum. Therefore,
it is less interesting to speculate on what causes polyclonal B
cell activation in PRRSV-infected isolator piglets and in other
infections, than to address the question as to why polyclonal B
cell activation does not progress to hypergammaglobulinemia in
PRRSV-infected conventionally-reared piglets. This question is
the basis of our second hypothesis.

A clue as to why hypergammaglobulinemia has not been
reported in conventionally-reared piglets comes from work done
30–40 year ago (76). In these older studies, delaying suckling
at 6 h intervals during the first 24 h. Postpartum (PP) resulted
in a progressive decrease in the amount of maternal Igs that
enter the blood of newborn specific pathogen free (SPF) piglets
(Figure 6A). This occurs because gut closure starts at birth and
progressively increases so by 24 h. PP only fragments of maternal
IgG can be found in serum (77). Over the same period, the
concentration of Igs in porcine colostrum progressively decreases
from >90 mg/ml at birth to< 20 mg/ml at 24 h (78). In SPF
piglets given a bovine-based milk replacer (MR) de novo Ig
synthesis is spontaneous, apparently due to non-pathogenic
environmental stimuli. At day 20 PP, 50% of serum IgG is of de
novo origin, and this rises to 81% on day 25 PP and >95% on
day 30 PP. Hence, at 4 weeks PP, virtually all serum Igs are of
de novo origin. Figure 6B shows that de novo synthesis of IgG,
IgM, and IgA after 4 weeks PP in suckling SPF piglets is inversely
proportional to the amount of maternal IgG absorbed from
colostrum (76). Since other factors in colostrum might explain
this results, SPF piglets were reared in an autosow facility and
raised on maternal colostrum or a bovine-based milk replacer
(MR) to which purified swine IgG was added in various amounts.
Figure 7 shows that the level of serum IgG after 8 weeks in piglets
that received only the MR were two-fold higher that animals
receiving colostrum and that administration of just 3 g total of
purified swine IgG, reduced the level of de novo synthesis to
that seen in piglets receiving colostrum [(76); Figure 6A vs. B].
Three grams is only 20% of the amount of IgG that is provided
in colostrum, yet it is enough to suppress de novo synthesis
to the level seen in piglets receiving porcine colostrum. The
spontaneous increase in de novo IgG synthesis in piglets receiving
only the MR was not associated with any clinical disease. IgG
dependent down-regulation of B cell activity is well-documented
(79, 80) and has been explained as idiotypic network regulation
(81–84). The T15 idiotypic system has been described for those
wishing to test the idiotypic regulation hypothesis in swine (85).
It is noteworthy that piglets reared on the MR were ingesting and
absorbing large amounts of all bovine Igs (86), yet this bovine
IgG did not suppress de novo Ig synthesis in these piglets, an
observation consistent with the view that few idiotypes cross
species lines.

In addition to the effect of maternal IgG on de novo IgG
synthesis in suckling piglets, it was also observed that colostrum
stored at −20C for 1 month to 8 years, prior to use in rearing
SPF piglets in the autosow facility, resulted in substantial loss
of down-regulatory capacity [(86); Figure 8]. Immunoglobulin
levels were unaffected by storage over any time period. While

FIGURE 7 | The concentration of IgG in the sera of piglets reared in an

autosow facility. Piglets were reared on porcine colostrum or a bovine-based

milk replacer (MR) to which each piglet received either 1 or 3 g of purified

swine IgG during the first day. Legend is on the figure. Numbers in

parentheses indicate the number of piglets in each group. Error bars are SEM.

From Klobasa et al. (76).

storage has no significant effect 6–7 weeks PP on de novo IgM
synthesis, it suppressive effect 2 weeks PP was striking (Figure 8).
Loss of down-regulation at the time was ascribed to labile
unidentified regulatory factors.

It was not until the period from the 1990s, that reports
began to surface on the relatively high levels of cytokines in
lacteal secretions of a number of species (33). Those in highest
concentrations were TGFβ, IL-10, CSF, and EGF. All are major
modulators of T cell activity and are delivered in large amounts
to the newborn where they mediate the transformation of helper
T cells into regulatory T cells (Tregs). Once referred to as
“suppressor T cells,” these Tregs secrete both IL-10 and TGFβ
that control B cell activation and expansion. These and other
cytokines in porcine colostrum are absorbed into the sera of
suckling piglets (33). These investigators also showed that TGFβ
significantly reduced the ability of LPS to generate Ig secreting
cells in vitro. In human infants these can dampen the host
response to beneficial members of the gut microbiome and to
food antigens like maternal milk proteins for which little central
tolerance is developed. In the veterinary world, cows forced
to “hold their milk” develop local edema which then forces
milk proteins to enter the blood where they are recognized
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FIGURE 8 | Effect of labile factors in colostrum on de novo Ig synthesis in piglets. Piglets were reared in an autosow facility on fresh colostrum or colostrum frozen

−20C for 1–8 years. Length of storage had no effect so data from all three storage times were pooled. = stored (n = 24) = fresh (n = 9). Error bars are SEM.

Differences after 12 days PP for IgG and IgA were highly significant (p < 0.05) For IgM, differences were significant from 9 to 23 days PP (p < 0.05). From Klobasa

et al. (86).

as foreign and can produce lethal anaphylactic shock (87). All
four of the immune regulatory factors mentioned above are
directly or indirectly immunosuppressive. Porcine, bovine and
human colostrum deliver 40–400 micrograms of TGFβ daily
to the newborn gastrointestinal tract (GIT). Porcine colostrum
contains 1.5 mg/ml of EGF and when delivered experimentally,
promotes the development of Tregs and also drives IgA switch
recombination in the mucosal immune system (88). These
regulatory factors have been shown to be important in pediatrics
medicine and have been used in arguments supporting the
importance of breast-feeding (89, 90).

In summary we believe the suppressive effect of colostrum
(Figure 6) can be attributed to IgG (Figure 7) as well as
to labile colostral factors (Figure 8) including cytokines like
TGFβ and IL-10. These colostral factors can collectively
explain why hypergammaglobulinemia has not been reported in
conventionally-reared PRRSV-infected piglets.

This hypothesis article has mostly focused on the
immunological pathway that normally results in VN antibodies
which in turn leads to the establishment of sterilizing immunity.
Our emphasis on the antibody aspect is because the delay in
forming VN antibodies is a widely-cited feature by investigators
and because almost every study on PRRS involves some
measurement of antibody activity. However, any PRRSV-
induced deficiency in the T cell repertoire would also cause a
deficiency of the virus-specific CTLs that are needed to eliminate
virus-infected cells. While less discussed, a CTL deficiency would
equally contribute to persistence of the infection.

The purpose of this article has been to assimilate observations
made in the past 25 years in an effort to develop a testable
hypothesis that could move PRRS research forward and to
encourage investigators to test it. Currently, investigators appear
stuck on the very first step of the scientific method, i.e.,
the accumulation of phenomena such as thymic atrophy. We
believed that construction of a testable hypothesis could help
others to characterize the mechanism of PRRS-induced immune

dysregulation and pathogenesis. We believe that the continued
development of subunit vaccines or those based on attenuated
virus, will remain a partial fix until the mechanism of immune
dysregulation is known. Thus, we encourage PRRS investigators
to design and perform experiments like those described in the
next section of this article that can address critical tenets of our
hypothesis. Should our hypothesis be confirmed, namely that
the PRRSV interferes with development of the T cell repertoire
in a manner that prevents the piglet from recognizing neonatal
pathogens, it could shift emphasis to development of vaccines
or other treatments that block this interference. Given that older
animals develop sterilizing immunity, “holding the block” on the
CD163 receptor on TAPCs or disrupting it until the piglet can
complete development of their normal T cell repertoire, would
be a step in the right direction.

MATERIALS AND METHODS

Previously Published Data
With exception of some new data presented in Figure 5, all
of the methods employed and materials used in obtaining
the data presented are provided in the cited publications.
In regard to Figure 5, samples collected during previously
published experiment (34) from animals infected by PRRSV
strain VR-2332 were used as a starting material. Frozen
material included cDNA prepared using random hexamer
primers on total RNA from cell suspensions isolated using
TRI Reagent according to a protocol recommended by the
manufacturer (Sigma-Aldrich). Analysis of these samples are
described below.

RNA Isolation, PCR Amplification and
CDR3 Length Analysis
Each cDNA preparation was amplified in three concurrent
analyses for one of three Vβ super-families (VβI–VβIII families,
VβIV–VβVI families, and VβVII family) (34, 47). The 1st round
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PCR targeted the original cDNA preparation while the 2nd
round PCR targeted the 1st round PCR products. After checking
PCR product on 1.5% agarose gels stained by GelRed, the
diversity of the Vβ CDR3 regions was inspected by CDR3 length
analyses. Technically, the second round of PCR products for
each Vβ superfamily was subjected to the 3rd round of PCR that
involved incorporation of radioactive adenosine 5’-ATP γ-32P
triphosphate nucleotide labeled Cβ primer (34). The products
were separated on sequencing gels that were subsequently dried
and their radioactive images were obtained by Storage Phosphor
Screens BAS-IP MS scanned in fluorescent Image Analyser
FLA-7000 (Fujifilm Corporation, Yokyo, Japan). All primers
and PCR conditions used for amplifications were published
earlier (34).

CONFIRMING OBSERVATIONS AND
TESTING HYPOTHESES

Verification of Basic Observations
Figures 4, 5 summarize key observations that underlie our
major hypothesis. Before proceeding to undertake major and
perhaps costly experiments to test it, we encourage others
to confirm and extend our observations. Those with existing
tissue specimens might compare the number of GCs in
PRRSV-infected vs. a variety of control piglets. Such additional
observations may help to justify more defined studies like
those described below. Verification studies should also focus
on establishing a more definitive phenotype for the cells we
have referred to as TAPCs and which are positive for the
PRRSV NC.

Testing the Hypotheses
Described below are four studies that test tenets of our major
hypothesis plus one that tests our secondary hypothesis.

1. PRRSV infection reduces the size of the specific T
cell repertoire.

Construct a series of tetramer assays using T cell epitopes for
PRRSV, SIV, and ovalbumin (OVA). The latter can be adapted
from murine experiments. Infect groups of conventional and/or
isolator piglets with moderately virulent PRRSV or SIV. Two to 3
weeks later, immunize half of each group plus uninfected controls
with OVA in Freund’s adjuvant. After boosting, determine for
each group/subgroup the proportion of T cells recovered from
various sites that recognize PRRSV, SIV, or OVA in tetramer
assays. We predict that a lower proportion of T cells recognize
PRRSV than SIV and that PRRSV infection, but not infection
with SIV, significantly reduces the number of OVA-specific
T cells.

2. Loss of T cells in PRRSV-infected piglets is selective.

Should it be shown in the above experiment that thymic
atrophy is associated with a reduced functional T cell repertoire,
it is important to determine whether this has been selective for
PRRSV epitopes. Using the same tetramer methods or something
equivalent, the T cell repertoire of infected piglets and control
piglets should be compared using a spectrum of candidate T cell

epitopes such as those for NC and GP5 and others considered
important for providing help in production of VN antibodies.We
predict that deletion of T cells from the repertoire will be selective
and may favor deletion of those involved in the production of
VN antibodies.

3. Helper T cell-rich germinal centers (GCs) are greatly reduced
in PRRS.

Newborn SPF piglets should be infected with PRRSV or SIV,
and sacrificed 20 dpi or at 30 dpi if challenged with virus or
vaccine. Immunohistochemical analyses of peripheral lymphoid
tissues, especially including the tracheal bronchial lymph nodes,
can them be examined for germinal centers using AID as a
marker and appropriate mAbs to test for co-localization of DP,
activated T cells.

4. Non-neutralizing antibodies in PRRS are of low affinity.

Using several purified PRRSV B cell epitopes especially
recognized VN epitopes, develop a BiaCore or modified ELISA
assay to measure absolute and/or relative affinity of IgG
antibodies produced by conventional PRRSV-infected piglets.
Develop similar assays for SIV. We predict that the antibodies
to VN epitopes of PRRSV will be of lower affinity than those to
SIV and when used in in vitro VN assays, they will behave poorly
compared to those against SIV.

5. Colostral factors reduce hypergammaglobulinemia in PRRSV-
infected piglets.

This experiment is designed to test our secondary hypothesis
that colostral factors down-regulate B cell activity in newborn
piglets. Recover two or more litters of colostrum-deprived,
Caesarian derived (CDCD) piglets from genetically diverse
backgrounds and rear them under SPF conditions. Allow a
mixture of half to suckle a surrogate sow. Infect half of the
piglets in the suckling group and half in the non-suckling group
with a mildly pathogenic PRRSV. Measure serum IgG levels on
a daily/weekly schedule. We predict that serum IgG levels 30
days postpartum in PRRSV-infected piglets allowed to suckle
will be significantly lower than in PRRSV-infected piglets denied
colostrum. This experiments allows for numerous permutation
and advanced studies that are not discussed here.
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Pigs are important livestock and comprehensive understanding of their immune

responses in infections is critical to improve vaccines and therapies. Moreover, similarities

between human and swine physiology suggest that pigs are a superior animal model for

immunological studies. However, paucity of experimental tools for a systematic analysis

of the immune responses in pigs represent a major disadvantage. To evaluate the pig

as a biomedical model and additionally expand the knowledge of rare immune cell

populations in swine, we established a multicolor flow cytometry analysis platform of

surface marker expression and cellular responses for porcine invariant Natural Killer T

cells (iNKT). In humans, iNKT cells are among the first line defenders in various tissues,

respond to CD1d-restricted antigens and become rapidly activated. Naïve porcine iNKT

cells were CD3+/CD4−/CD8+ or CD3+/CD4−/CD8− and displayed an effector- or

memory-like phenotype (CD25+/ICOS+/CD5hi/CD45RA−/CCR7 ± /CD27+). Based on

their expression of the transcription factors T bet and the iNKT cell-specific promyelocytic

leukemia zinc finger protein (PLZF), porcine iNKT cells were differentiated into functional

subsets. Analogous to human iNKT cells, in vitro stimulation of porcine leukocytes

with the CD1d ligand α-galactosylceramide resulted in rapid iNKT cell proliferation,

evidenced by an increase in frequency and Ki-67 expression. Moreover, this approach

revealed CD25, CD5, ICOS, and the major histocompatibility complex class II (MHC II) as

activation markers on porcine iNKT cells. Activated iNKT cells also expressed interferon-

γ, upregulated perforin expression, and displayed degranulation. In steady state, iNKT

cell frequency was highest in newborn piglets and decreased with age. Upon infection

with two viruses of high relevance to swine and humans, iNKT cells expanded. Animals

infected with African swine fever virus displayed an increase of iNKT cell frequency in

peripheral blood, regional lymph nodes, and lungs. During Influenza A virus infection,

iNKT cell percentage increased in blood, lung lymph nodes, and broncho-alveolar lavage.
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Our in-depth characterization of porcine iNKT cells contributes to a better understanding

of porcine immune responses, thereby facilitating the design of innovative interventions

against infectious diseases. Moreover, we provide new evidence that endorses the

suitability of the pig as a biomedical model for iNKT cell research.

Keywords: iNKT cells, T cells, pig, biomedical model, influenza A virus, African swine fever virus

INTRODUCTION

Biomedical research is in need of large animal models that
reflect human infectious diseases better than current rodent
models (1, 2). Because of the striking resemblances between
porcine and human immune system and physiology, pigs could
be a superior model species (3–10). In order to establish
pigs as a new biomedical model species, a more detailed
understanding of porcine immune responses and leukocyte
subsets is strongly needed.

Leukocytes at systemic and peripheral sites are eminently
important for control of microbial colonization and defense
against infections by induction of protective immunity (11). One
of those leukocyte subsets are invariant Natural Killer T (iNKT)
cells. These cells bridge and orchestrate both untargeted innate
and specific adaptive responses, which are crucial for pathogen
clearance and survival. In contrast to the vast heterogeneity
of T cell receptors (TCR) among conventional CD3+ T cells
(cTC), iNKT cells possess a semi-invariant TCR. This TCR is
restricted to the non-classical major histocompatibility complex
(MHC) class I-related CD1d, presenting lipid or glycolipid
antigens. iNKT cells can be activated antigen-dependently with
glycolipids derived from microbes or the host by TCR-CD1d
interactions or antigen-independently via cytokines, mainly
interleukin-(IL-)12 and IL-18 or type I interferons (IFN). The
induction of cytokine expression in iNKT cells does not require
classical co-stimulation, whereas iNKT cell proliferation depends
on co-stimulatory signals by B7/CD28 or CD40/CD40L (12).
Additionally, effector cytokines are present as immediately
available preformed mRNA transcripts in iNKT cells (13).
Therefore, iNKT cells rapidly proliferate and secrete effector
molecules like IFNγ, IL-17 or granulocyte-macrophage colony-
stimulating factor after activation (14). Moreover, they are able
to lyse infected cells by perforin and Fas/FasL interaction (15–
18). iNKT cells also augment B cell responses, class switching
and affinity maturation independently of classical helper
cells (19, 20). Several iNKT cell subsets have been identified
by their expression of different transcription factors, like
promyelocytic leukemia zinc finger protein (PLZF) and T-bet,
most notably in mice, where they are primarily differentiated
into iNKT1 (T-bet+/PLZF+), iNKT2 (T-bet−/PLZFhi),
and iNKT17 (T-bet−/PLZFlo) (21–26). Differentiated
subsets of human iNKT cells are not as well-defined as in
mice (27).

At present, most studies focusing on porcine iNKT cells
investigated the potential use of the cognate CD1d ligand α-
galactosyl-C16-ceramide (αGC) as an adjuvant for vaccines
against Influenza A virus (IAV) and other infectious diseases
(28–32). Knowledge about phenotype, response kinetics, and

functional aspects of iNKT cell responses in pigs is scarce.
The antigen presentation molecules of the CD1 family are of
particular importance for iNKT cells. In addition to CD1d, there
are four other members in the CD1 family, CD1a, CD1b, CD1c,
and CD1e. All of these molecules are expressed in pigs as well
as in humans, while mice lack proteins other than CD1d (33).
It has been shown that expression of CD1d on thymocytes is
required for iNKT cell development, in mice (34) as well as
in pigs (35). Murine CD1d tetramers loaded with the αGC
analog PBS57 have been shown to detect porcine iNKT cells
(7, 36). Their frequency is typically between 0.01 and 1% among
CD3+ T cells, thereby resembling human iNKT cell frequencies
(7, 28). Porcine iNKT cells are CD8α+ or CD8α− but lack
expression of CD4 in most tissues (28, 29, 37). In contrast
to human and murine iNKT cells, naïve porcine iNKT cells
express high levels of CD44, as most lymphocytes in swine
(38, 39). Moreover, the iNKT cell-specific transcription factor
PLZF is highly expressed in porcine iNKT cells (36). Some
evidence indicates that iNKT cells expand upon stimulation
of porcine PBMC with αGC (29, 36). Using next generation
sequencing, it has recently been shown that porcine iNKT
cells predominantly use Vα and Jα segments homologous to
the Vα24-Jα18 and Vα14-Jα18 rearrangements used in humans
and mice, respectively (40). Moreover, molecular investigations
demonstrated that the antigen-binding domain of the invariant
α-chain, CDR1α, is conserved between pigs and humans (40).
This indicates that responses of porcine iNKT cells mimic
responses of human iNKT cells, thereby further underlining the
suitability of the pig as a biomedical model species for human
iNKT cells.

In order to comprehensively understand porcine
iNKT cells and advance research, we investigated their
phenotype, dynamics and functional responses in-depth in
steady state and during IAV and African swine fever virus
(ASFV) infection.

MATERIALS AND METHODS

Pigs and Biological Samples
In total 13 German landrace pigs for IAV and 12 for
ASFV experiments were obtained from a commercial breeding
unit (BHZP-Basiszuchtbetrieb Garlitz-Langenheide, Germany)
with high biosecurity standards and hygiene (free of IAV
and Porcine reproductive and respiratory syndrome virus
among others). Samples for the investigation of age-dependent
changes in iNKT cell frequency were obtained during routine
veterinary check-ups from the same commercial breeding
unit (BHZP-Basiszuchtbetrieb Garlitz-Langenheide, Germany).
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Swine (Danish landrace/Danish Large White/Danish Duroc
hybrid) used for in vitro experiments involving PBMC, were kept
at the Friedrich-Loeffler-Institut (FLI), Greifswald-Insel Riems
under conventional conditions.

Viruses and Infection Experiments
Influenza virus A/Bayern/74/2009 was propagated on Madin-
Darby canine kidney cells (MDCKII) cells inMEM supplemented
with 0.56% bovine serum albumin, 100 U/ml Penicillin,
100µg/ml Streptomycin and 2µg/ml L-1-Tosylamide-2-
phenylethyl chloromethyl ketone (TPCK)-treated trypsin
(Sigma-Aldrich, USA). For viral titration by TCID50 assay, serial
10-fold dilutions of virus suspensions were prepared, added
to MDCKII cells in 96-well plates, and incubated for 3 days
at 37◦C and 5% CO2. Cytopathic effect was microscopically
evaluated. Titers were calculated according to Spearman-
Kärber (41, 42). Four-week-old piglets were obtained from a
commercial breeding facility directly after weaning. Absence
of acute IAV infection of pigs used for the IAV study was
confirmed by real-time PCR (AgPath.IDTM One-Step RT-
PCR Kit, Applied Biosystems, USA) of nasal swabs prior to
transport to the FLI (modified from Spackman et al. (43)). IAV
infection was performed 3 weeks after transport to our facility
by intranasal administration of 2ml virus suspension (106

TCID50/ml) using mucosal atomization devices (Wolfe Tory
Medical, USA).

ASFV Armenia08 was propagated and titrated using mature
porcine PBMC-derived macrophages as previously described
(44). For back titration, virus hemadsorption test was performed
by endpoint titration of the diluted inoculation virus. In brief,
100 µl virus dilution were incubated for 24 h on PBMC-derived
macrophages in 96-well plates. Thereafter, 20µl of a 1% homolog
erythrocyte suspension were added and hemadsorption read
after 24 and 48 h. All samples were tested in quadruplicates.
Hemadsorbing units (HAU) were used for read-out. For
infection, 2ml macrophage culture supernatant containing 106.25

HAU ASFV Armenia08 were inoculated oro-nasally. All work
involving ASFV was done in the high containment facility (L3+)
at the Friedrich-Loeffler-Institut.

Cell Isolation and Culture
For isolation of peripheral blood mononuclear cells (PBMC),
whole blood was separated by density gradient centrifugation
using Pancoll (PAN-Biotech, Germany). PBMC were collected
and washed with PBS-EDTA (1mM; used for all analyses).
Cell count was determined using Neubauer improved
haemocytometer. Single cell suspensions from spleen and
lymph nodes were prepared by mechanically disrupting tissue
with a sieve. Lymphocytes from liver were isolated following
a modified protocol previously described (45). In brief, liver
samples were perfused with ice-cold PBS-EDTA. Perfused
regions were minced with sterile scissors, resuspended in PBS-
EDTA supplemented with 100µM CaCl2, and digested with
Collagenase D (1 mg/ml; Sigma-Aldrich) for 40min at 37◦C.
Remaining tissue was removed by short centrifugation. Cell pellet
was resuspended in PBS-EDTA and used for flow cytometry.
Lymphocytes from lung tissue were isolated by mincing

non-perfused lung tissue, followed by enzymatic digestion
as described for liver samples. Lung tissue was additionally
mashed through a cell strainer with the plunger of a syringe
after digestion. Unless otherwise stated, cells were cultured in
Ham’s F12/IMDM (1:1), supplemented with 10% fetal calf serum
(FCS), 2-mercaptoethanol (50µM), 100 U/ml penicillin, and
100 µg/ml streptomycin.

Cell Stimulation
For iNKT cell stimulation, freshly isolated PBMC were seed into
round-bottom 96-well plates at a density of 107 PBMC/ml. αGC
(Toronto Research Chemicals, Canada) dissolved in dimethyl
sulfoxide (DMSO; Sigma-Aldrich, USA) or DMSO as vehicle
control diluted in cell culture media were added. αGC was
used at 0.1µg/ml (low-dose) and 1µg/ml (high-dose). Cells
were incubated at 38.5◦C, 5% CO2 for the indicated time. After
incubation, cells were harvested, washed with PBS-EDTA, and
analyzed by flow cytometry.

For detection of IFNγ and perforin, cells were stimulated as
previously described (46). After 4 days, fresh medium with αGC
in the corresponding concentrations was added to the cells. After
another 2 h incubation, Brefeldin A (10µg/ml, Biolegend, USA)
was added to enable intracellular accumulation of target proteins.
Cells were incubated for 4 h and then stained and analyzed by
flow cytometry.

For analysis of CD107a surface expression as a marker
of degranulation, cells were treated as previously described
(47). Briefly, freshly isolated PBMC were seed into 96-well
plates at a density of 107 PBMC/ml and rested overnight. For
antigenic stimulation, αGC was added for a final concentration
of 0.1µg/ml or 1µg/ml. As unspecific inducers, Phorbol-12-
myristat-13-acetat (PMA; Sigma-Aldrich, USA) and ionomycin
(Sigma-Aldrich, USA) were added for final concentrations of
50 ng/ml and 1µg/ml, respectively. The cells were stimulated in
the presence of anti-CD107a antibodies (clone 4E9/11, Bio-Rad,
USA; 4µg/ml). After 1 h incubation, Brefeldin A (10µg/ml), and
Monensin (4µM, Biolegend, USA) were added and the cells were
incubated for another 5 h and then stained and analyzed by flow
cytometry. Specific degranulation was calculated as the difference
in surface expression of stimulated and control cells and is given
as 1CD107a.

For in vitro activation assays, porcine CD172a+ cells
were purified using monoclonal antibodies (cone 74-22-15)
and magnetic anti-mouse IgG1 beads (BD Bioscience, USA).
CD172a+ cells were infected with IAV (MOI 1) or ASFV (MOI
0.1) for 48 h. Then, supernatants were collected, cleared of
debris by centrifugation, and stored at −80◦C until further
use. Freshly isolated porcine PBMC were stimulated with
the respective supernatants or 1µg/ml αGC as a positive
control for 4 days and then stained and analyzed by
flow cytometry.

Cell Proliferation Assay
Freshly isolated PBMC were stained using Tag-it Violet
Proliferation and Cell Tracking Dye (Biolegend, USA) according
to the manufacturer’s instructions. Briefly, total PBMC were
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adjusted to 1 × 107 cells/ml in PBS and incubated with the Tag-
it Violet Proliferation and Cell Tracking Dye at a concentration
of 5µM. Cells were incubated for 20min at 37◦C in the
dark. Quenching was done by addition of cell culture media
supplemented with 10% FCS. After washing, stained cells were
used for visualization of iNKT cell proliferation after stimulation
with αGC.

Flow Cytometry
Stainings for flow cytometry were performed using either
single cell suspensions or whole blood. All incubation steps
were carried out for 15min at 4◦C in the dark, unless
otherwise stated. Antibodies used for flow cytometry are
shown in Supplementary Table 1. For iNKT cell staining, first
tetramers were added at the predetermined concentration (1:500)
and incubated at room temperature in the dark for 30min.
Antibodies for staining of additional surface markers were
added without washing and incubated with the tetramers
for another 15min. After washing, antibody staining was
proceeded. Unconjugated antibodies were detected by isotype-
specific fluorochrome-conjugated secondary antibodies. When
whole blood or tissue samples containing erythrocytes were
stained, erythrocytes were lysed after surface staining prior
to fixation by lysis buffer (1.55M NH4Cl, 100mM KHCO3,
12.7mMNa4EDTA, pH 7.4, in A.dest.). For intracellular staining,
cells were fixed after surface staining using the True-Nuclear
Transcription Factor Buffer Set (Biolegend, USA) according to
the manufacturer’s instructions. Murine CD1d tetramers, empty
or loaded with PBS57, were obtained from the NIH Tetramer
Core Facility.

Doublets were excluded by consecutive gating FSC-W/FSC-
H and SSC-W/SSC-H. Living lymphocytes were gated based on
their forward-scatter (FSC) and side-scatter (SSC) properties.
Live, single lymphocytes were further separated in conventional
T cells (cTC; CD3+/CD1d-Tet−) and iNKT cells (CD3+/CD1d-
Tet+) for subsequent analysis.

Per sample, at least 1 × 105 single cTC were recorded. BD
FACS Canto II or BD LSRFortessa with FACS DIVA Software (all
BD Bioscience, USA) and FlowJo V10 (Treestar, USA) were used
for all analyses.

Statistical Analysis
GraphPad Prism 7 (Graphpad Software Inc., USA) was used
for statistical analysis and graph creation. Normality was tested
with the Shapiro-Wilk normality test. Subsequent analysis was
performed with either parametric tests for normally distributed
data sets or non-parametric tests for non-normally distributed
data sets. For analysis of data sets with three or more groups,
Repeated-measures one-way ANOVA was used to investigate
statistically significant differences between the groups. Multiple
comparisons were performed for differences between iNKT
cells and cTC subsets, respectively. No statistical analyses
were performed for differences between iNKT cells and cTC.
Holm-Sidak’s post-hoc test was used for correction of multiple
comparisons. For analysis of data from the IAV and ASFV
trial, ordinary one-way ANOVA with Holm-Sidak’s post-hoc test
for correction of multiple comparisons was used. For analysis

of data sets of two groups, paired t-tests were used. Unless
indicated otherwise, data is shown as mean (SD). Statistical
significance was defined as ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001,
and ∗∗∗∗p < 0.0001.

RESULTS

Naïve Peripheral Porcine iNKT Cells Are
Mostly CD8α

+ and Display an Effector- and
Memory-Like Phenotype
To investigate porcine iNKT cells in peripheral blood by flow
cytometry, we used murine CD1d tetramers loaded with the
αGC analog PBS57 (PBS57 Tet) as previously described (7,
36). After exclusion of doublet cells, live cTC were gated
as CD3+/PBS57 Tet− cells and iNKT cells were defined as
CD3+/PBS57 Tet+ among the lymphocyte gate [Figure 1A
(48)]. In healthy animals, the average iNKT cell frequency
was 0.5%, comparable to frequencies in blood published earlier
(36, 37). Most naïve iNKT cells expressed CD8α, while only a
small amount was CD4+, although a considerable proportion
of iNKT cells expressed low levels of CD4 (Figures 1B,C).
Thereby, we confirmed previous findings showing similar
results (36, 37). iNKT cells expressed neither CD8β nor
γδTCR (Figure 1B). For differentiation of iNKT cell subsets,
expression of the classical T cell markers CD8α and CD4 was
analyzed. The subsets were gated according to the respective
expression of these markers on cTC. The major subset of
peripheral iNKT cells in swine was CD8α+/CD4− (73.7± 11.9%;
Figure 1C). There was no distinct CD4+ population; however,
a minor fraction of iNKT cells was CD8α+/CD4lo (DP; 3.6 ±

1.9%). Moreover, there was a considerable CD8−/CD4− (DN)
population (21.5± 10.8%).

For further differentiation, we investigated steady state
expression of surface markers that are frequently associated
with an effector phenotype in mice and humans, i.e., CD5 (49),
CD25 [IL-2Rα (50)], CD278 [Inducible T-cell co-stimulator,
ICOS (51)], and the major histocompatibility complex class
II [MHC II (52)] in naïve iNKT cells and cTC. All iNKT
cells were positive for CD5 whereas only around 60% of cTC
showed CD5 expression (Figure 2A). Around half of all iNKT
cells expressed CD25 at low levels on their surface, while cTC
displayed only a minor CD25hi fraction (Figure 2A). ICOS
was expressed on virtually all iNKT cells, while only on a
minor fraction of cTC (Figure 2A). MHC II was expressed
on most iNKT cells at medium or high levels (Figure 2A).
In contrast, cTC were mostly MHC II− but the MHC II+

fraction expressed it at comparable levels (Figure 2A). Because
CD25 and MHC II were not expressed by all iNKT cells,
we investigated which iNKT cell subset expressed the proteins
(Figure 2B). Differential staining with CD8α revealed that
both proteins were predominantly expressed on CD8α+ iNKT
cells. DN iNKT cells showed no or low expression of CD25
and MHC II.

To investigate the functional differentiation of porcine iNKT
cells, we analyzed the expression of markers regularly associated
with antigen experience and memory status, CD45RA, C-C
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FIGURE 1 | Identification and phenotype of naïve peripheral porcine iNKT cells. Expression of surface markers was analyzed by flow cytometry. (A) Doublets were

excluded by SSC-W vs. SSC-H gates, followed by FSC-W vs. FSC-H gates. Live lymphocytes were identified according to their FSC/SSC characteristics. All T cells

were identified using antibodies against CD3. CD3+ T cells stained with the PBS57-loaded CD1d tetramer (left plot) were defined as invariant Natural Killer T cells

(iNKT; blue), tetramer-negative cells were defined as conventional T cells (cTC; orange). Unloaded tetramers served as control (right plot). Frequency of iNKT cells in

peripheral blood among CD3+ lymphocytes shown as Tukey box plot (n = 19). (B) Evaluation of expression of CD8α, CD4, γδTCR, and CD8β on iNKT cells and cTC.

Representative plots of at least four experiments are shown. (C) Representative plots of CD8α and CD4 co-expression by cTC and iNKT cells. CD8α
−/CD4− (DN;

light blue), CD8α
+/CD4− (CD8α

+, blue), and CD8α
+/CD4+ (DP; dark blue) subsets among iNKT cells were identified according to their expression pattern in cTC.

Frequency of iNKT cell subsets shown as Tukey box plots (n = 7).

chemokine receptor type 7 (CCR7), and CD27 (53–56). cTC
displayed a minor fraction of naïve CD45RA+ cells, while the
larger fraction consisted of antigen-experienced CD45RA−

cells (Figure 2C). CD45RA− cTC were further divided
into CD27+/CCR7+ central memory cells, CD27+/CCR7−

transitional memory cells and CD27−/CCR7− effector memory
cells. There was only a minor population of CD27−/CCR7+

activated effector memory cells (Figure 2C). All iNKT cells
were CD45RA− and thus displayed an antigen-experienced

phenotype. Most iNKT cells were CD27+/CCR7+, resembling
central memory cells. A second major fraction expressed CD27
but was CCR7−, similar to transitional memory cells. About a
third of iNKT cells was CD27− and could further be divided into
equal fractions of CCR7− and CCR7+, thereby differentiating
subsets comparable to resting and activated effector memory
cells, respectively (Figure 2C). Expression of CD27 and
CCR7 was also investigated for co-expression with CD8α+. Most
CD8α+ iNKT cells expressed CCR7 as well as CD27 (Figure 2D).
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FIGURE 2 | Expression of effector and memory cell-associated markers on naïve porcine iNKT cells. Expression of surface markers associated with effector functions

and memory status on naïve peripheral iNKT cells was analyzed by flow cytometry. (A) Representative flow cytometric plots of CD5, CD25, MHC II, and ICOS

expression by iNKT cells (blue) and cTC (orange). Summarized data show frequencies of iNKT cells or cTC expressing CD5, CD25, MHC II, and ICOS (mean (SD), n =

6). (B) Representative flow cytometric plots showing differential expression of CD8a and CD25 or MHC II on iNKT cells. (C) Expression of CD45RA (left) on iNKT cells

and cTC. CD45RA− cTC (middle) and iNKT cells (right) were further investigated for expression of CD27 and CCR7 and divided into CD27+/CCR7+ central memory

cells, CD27+/CCR7− transitional memory cells, CD27−/CCR7− effector memory cells, and CD27−/CCR7+ activated effector memory cells. (D) Differential

expression of CD8α and CCR7 or CD27. Representative plots and histograms of at least three experiments are shown. ***p < 0.001, ****p < 0.0001, paired t-test.

DN iNKT cells were negative for CD27 while a fraction expressed
CCR7 (Figure 2D).

In mice, intracellular staining of transcription factors,
including T-bet and PLZF, is used to define functional iNKT
cell subsets iNKT1 (T-bet+/PLZF+), iNKT2 (T-bet−/PLZFhi),
and iNKT17 (T-bet−/PLZFlo) resembling the T-helper cell
populations Th1, Th2, and Th17, respectively (21–26). Currently,
there is no such differentiation available for porcine iNKT
cells. Therefore, we investigated the expression of T-bet and

PLZF in porcine iNKT cells. We confirmed that porcine iNKT
cells express higher levels of PLZF than cTC (Figure 3A).
Moreover, we detected expression of T-bet in a subset of porcine
iNKT cells (Figure 3A). Co-expression of T-bet and PLZF was
used to define iNKT cell subsets corresponding to the ones
described in other species (Figures 3B–E). In naïve swine,
the largest iNKT cell subset had a T-bet+/PLZF+ phenotype
and was therefore defined as iNKT1 (49.8 ± 14.8%). The
second major group was T-bet−/PLZFhi, thereby resembling
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FIGURE 3 | Differential profiling of naïve porcine iNKT cells. Peripheral iNKT cells were differentiated by flow cytometry according to their expression of the transcription

factors PLZF and T-bet. (A) Representative flow cytometric histograms of PLZF (left) and T-bet (right) expression in iNKT cells (blue) and cTC (orange). Control stainings

are shown in gray. (B) Representative flow cytometric plot showing co-expression of T-bet and PLZF in iNKT cells and cTC. (C) Differential gating of iNKT cells

according to their T-bet and PLZF expression. iNKT1 were defined as T-bet+/PLZF+ (light blue), iNKT2 as T-bet−/PLZFhi (blue), and non-iNKT1/2 as T-bet−/PLZFlo

(dark blue). (D) Expression profiles of T-bet and PLZF in iNKT1 (light blue), iNKT2 (blue), and non-iNKT1/2 (dark blue) (n = 6). (E) Frequency of iNKT subsets in naïve

swine shown as Tukey box plots (n = 6). *p < 0.05, **p < 0.01, repeated-measures one-way ANOVA with Holm-Sidak’s post-hoc test for multiple comparisons.

iNKT2 (41.7 ± 13.3%). A small fraction was T-bet−/PLZFlo

(3.1 ± 1.2%) and was defined as non-iNKT1/non-iNKT2
(non-iNKT1/2) because additional differentiating markers were
not available. Appropriate differentiation was confirmed by
analysis of T-bet and PLZF expression levels in the iNKT
cell subsets. T-bet expression in iNKT1 was significantly
higher than in iNKT2 and non-iNKT1/2 (Figure 3D). PLZF
expression level was the highest in iNKT2 and the lowest in
non-iNKT1/2 (Figure 3D).

Taken together, we confirmed the phenotype of naïve
iNKT cells from peripheral blood of healthy pigs to be
predominantly CD3+/CD4−/CD8+ or CD3+/DN. All iNKT
cells expressed the αβTCR but not the CD8 β-chain. Moreover,
we showed that naïve porcine iNKT cells display an effector-like
(CD5hi/CD25+/MHC II+/ICOS+) and memory-like phenotype
(CD45RA−/CCR7+/CD27+). The CD8α subset expressed higher
levels of CD25 and MHC II, as well as higher levels of CCR7
and CD27. Additionally, analogous to classifications in rodents,
we were able to divide peripheral iNKT cells into three subsets,
iNKT1, iNKT2, and non-iNKT1/2, according to their respective
T-bet and PLZF expression.

Antigenic Activation Induces Strong
Proliferation in Porcine iNKT Cells
Amajor feature of iNKT cells is their ability to proliferate rapidly
upon activation. For porcine iNKT cells, data regarding responses
after antigenic activation is limited. Therefore, we investigated
the proliferative ability by quantifying iNKT frequency among
CD3+ lymphocytes and expression of the proliferation marker

Ki-67 after stimulation of porcine PBMC with low-dose
(0.1µg/ml) and high-dose (1µg/ml) αGC or DMSO as vehicle
control for 4 days. We also visualized cell divisions by staining
with a fluorescent cell tracking dye. Upon stimulation with
αGC, iNKT cell frequency among CD3+ lymphocytes strikingly
increased. After 4 days of stimulation with low-dose αGC,
iNKT cells accounted for about 9.7 ± 7.9% of CD3+ T
cells, a 20-fold increase. High-dose αGC stimulation resulted
in a 30-fold increase, leading to an iNKT cell frequency of
16.9 ± 9% among CD3+ lymphocytes (Figure 4A). To verify
that this increase was due to proliferation, we investigated
the expression of Ki-67, a widely used marker specific for
proliferating cells (57). Most iNKT cells were Ki-67+ after
stimulation (85.3 ± 10.6% and 91.7 ± 8.7% after low- and
high-dose αGC stimulation, respectively), thereby demonstrating
that the majority of iNKT cells were proliferating (Figure 4B).
Expression of Ki-67 in cTC remained on a low level of
background activation, proving the specific activation of iNKT
cells by αGC (Figure 4B). Staining of PBMC with a fluorescent
cell tracking dye (Tag-it Violet) before stimulation allows for
detection of single proliferation steps upon activation. Again,
nearly all iNKT cells were in a highly proliferative state and
up to seven proliferation steps were detectable (Figure 4C).
There was no detectable difference between both αGC doses.
cTC demonstrated no proliferation over background level upon
αGC stimulation.

Taken together, we demonstrated the rapid proliferative
abilities of peripheral porcine iNKT cells in response to
antigenic stimulation.
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FIGURE 4 | Proliferative activity of porcine iNKT cells upon antigenic activation. (A) PBMC were cultivated in the presence of 0.1µg/ml (gray) or 1µg/ml (black) αGC

or DMSO as vehicle control (white) for 4 days. Proliferation measured as iNKT cell frequency among CD3+ lymphocytes shown as Tukey box plots (n = 17). (B) Cell

proliferation was investigated by measuring Ki-67 expression in cTC and iNKT cells. Representative histograms showing expression of Ki-67 in cTC (left) and iNKT

cells (right). Dotted lines indicate the threshold according to the control staining. Frequency of proliferating, Ki-67+ iNKT cells and cTC (n = 6). (C) Porcine PBMC

were stained with Tag-it Violet and cultivated in the presence of 0.1µg/ml (gray) or 1µg/ml (black) αGC or DMSO as vehicle control (white) for 4 days. Proliferating

cells were defined as Tag-it Violetlo. Representative histograms showing proliferating, Tag-it Violetlo cells in cTC and iNKT cells. Dotted lines indicate the threshold

according to the control staining. Numbers indicate individual proliferation steps. Frequency of proliferating, Tag-it Violetlo cTC and iNKT cells (mean (SD), n = 3). **p

< 0.01, ***p < 0.001, ****p < 0.0001, repeated-measures one-way ANOVA with Holm-Sidak’s post-hoc test for multiple comparisons.

Porcine iNKT Cells Upregulate Expression
of CD25, MHC II, ICOS, and CD5 and
Differentiate Into iNKT1 Upon
Antigenic Stimulation
Whereas several iNKT cell activation markers are known
in mice and humans, for porcine iNKT cells, no markers

have been described to investigate their immune response or
differentiation status. We therefore analyzed low- and high-
dose αGC-stimulated porcine PBMC for activation-dependent
changes in expression of multiple surface and intracellular
markers. Among the established activation markers used for
human and murine T cells are CD25 (50), MHC II (52), ICOS
(51), and CD5 (49). Multicolor flow cytometry revealed that the
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FIGURE 5 | Changes in surface marker expression on porcine iNKT cells upon antigenic activation. Porcine PBMC were incubated in the presence of 0.1µg/ml or

1µg/ml αGC or DMSO as vehicle control for 4 days. Representative flow cytometric plots showing expression of (A) CD25, (B) MHC II, (C) ICOS, and (D) CD5 on

cTC (orange) and iNKT cells (blue). Expression level of control cells (white) and cells stimulated with 0.1µg/ml (gray) and 1µg/ml αGC (black) are shown (n = 3-4).

Dotted lines show threshold according to marker expression by cTC. Data shown as mean (SD), ***p < 0.001, ****p < 0.0001, repeated-measures one-way ANOVA

with Holm-Sidak’s post-hoc test for multiple comparisons.

expression of these markers on the surface of cTC did not change
significantly irrespective of stimulus or dose. In contrast, upon
activation, iNKT cells significantly upregulated the expression
of all investigated surface markers. Since most naïve iNKT cells
were already positive forMHC II, ICOS, and CD5, the percentage
of cells positive for the respective markers did not change.
Only the frequency of CD25+ iNKT cells increased significantly
after stimulation. However, the expression level of all markers
on the surface of iNKT cells increased significantly upon αGC
stimulation, as evidenced by heightened MFI. CD25 expression
(Figure 5A) increased from controls (MFI: 591 ± 106) to low-
dose and high-dose αGC-stimulated iNKT cells (MFI: 15,427 ±

3,717; 13,593 ± 2,568, respectively). MHC II (Figure 5B) was
markedly upregulated between controls (MFI: 2,341 ± 1,248) to

low-dose (MFI: 9,653 ± 1,527) and high-dose αGC-stimulated
iNKT cells (MFI: 8,159 ± 1,215). ICOS expression (Figure 5C)
rose from controls (MFI: 849 ± 678) to low-dose (MFI: 35,309
± 2,548) and high-dose αGC-stimulated iNKT cells (MFI: 31,366
± 4,013). Expression levels of CD5 (Figure 5D) increased from
controls (MFI: 1,776 ± 294) to low-dose (MFI: 2,626 ± 170) and
high-dose αGC-stimulated iNKT cells (MFI: 2,448 ± 59). There
were no significant differences in the expression levels of CD25,
MHC II, ICOS, and CD5 on cTC after stimulation with low or
high concentrations of αGC.

In mice, activated iNKT cells have been shown to regulate the
expression of T-bet and PLZF, depending on the type of activating
stimulus (21–26). Comparable data for swine is missing. To
investigate the differentiation status of αGC-activated porcine
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FIGURE 6 | Differentiation of activated porcine iNKT cells. Porcine PBMC were

cultivated in the presence of αGC or DMSO as vehicle control. Intracellular

expression of T-bet and PLZF was analyzed by flow cytometry after stimulation

for 4 days. (A) Representative plots of T-bet/PLZF co-expression in untreated

control iNKT cells (left) and iNKT cells stimulated with 0.1µg/ml (middle) or

1µg/ml (right) αGC. (B) Frequency of iNKT1, iNKT2, and non-iNKT1/2 upon

stimulation with 0.1µg/ml (gray) or 1µg/ml (black) αGC or DMSO as vehicle

control (white) (n = 6). Data shown as mean (SD), ****p < 0.0001,

repeated-measures one-way ANOVA with Holm-Sidak’s post-hoc test for

multiple comparisons.

iNKT cells, we used the differential staining of T-bet and
PLZF established in this study. While PLZF expression was not
regulated in iNKT cells (Figure 6A), T-bet expression increased
in iNKT cells after stimulation with low- and high-dose αGC
(Figure 6A). Co-expression analysis revealed that all αGC-
activated iNKT cells were T-bet+/PLZF+ iNKT1 (Figure 6B).
There was no difference between low- and high-dose stimulated
iNKT cells.

In short, we established a stimulation protocol for porcine
iNKT cells. Activation by αGC results in strong upregulation of
CD5, CD25, ICOS, andMHC II on iNKT cells and differentiation
into T-bet+/PLZF+ iNKT1.

Porcine iNKT Cells Upregulate CD8 and
CD4 Expression Upon Antigenic
Stimulation
Naïve porcine iNKT cells were mostly CD8α+ or DN and did not
display a distinct CD4+ population. However, after stimulation
with αGC, frequencies of iNKT cell subsets changed significantly:
DN iNKT decreased from 21.5 ± 10.8% in controls to 4.1 ±

3.6% in low-dose and 4.0 ± 2.8% in high-dose αGC-stimulated
samples (Figures 7A,B). At the same time, the frequency of
CD8α+ iNKT cells increased from 73.7 ± 11.9% in controls to
84.1± 6.5% in low-dose and 79.6± 6.2% in high-dose stimulated

samples (Figures 7A,B). Stimulation of porcine iNKT cells with
αGC resulted in a significant increase of DP iNKT cells. In
controls, only 3.6 ± 1.9% of all iNKT cells were DP. Stimulated
iNKT cells upregulated CD4 expression, resulting in 11.2± 4.4%
DP iNKT cells in low-dose and 15.5 ± 5.2% DP iNKT cells
in high-dose αGC-stimulated samples (Figures 7A,B). Whether
these subsets have functional implications was analyzed by
investigation of CD25, ICOS, and MHC II expression on DN,
CD8α+ and DP iNKT cells. All three proteins tended to be
expressed in higher levels on CD8α+ and DP iNKT cells, while
expression levels on DN iNKT cells were always the lowest
(Figure 7C). However, this was statistically significant only for
ICOS expression.

Porcine iNKT Cells Express IFNγ,
Upregulate Perforin, and Display Fast
Degranulation Upon Antigenic Activation
Among the effectormechanisms of iNKT cells are the secretion of
effector cytokines and cytotoxicity. Porcine iNKT cells have been
shown to secrete IFNγ upon unspecific stimulation with phorbol
myristate acetate (PMA) and ionomycin (36, 37). Knowledge
about antigen-specific induction of effector molecule production
in porcine iNKT cells is missing. Therefore, we investigated
expression of IFNγ and perforin and the cytolytic capacities of
cTC and iNKT cells after stimulation of porcine PBMCwith αGC.

iNKT cells showed a dose-dependent increase of IFNγ

expression. Treatment of PBMC with low-dose αGC resulted in
8.4% IFNγ

+ iNKT cells, while high-dose αGC resulted in 15.9%
IFNγ

+ iNKT cells (Figure 8A). Perforin expression (Figure 8B)
increased significantly in iNKT cells upon treatment with both
low- and high-dose αGC (MFI: 822.3 ± 280.3 vs. 1,095 ± 175,
respectively) in contrast to naïve cells (MFI: 294 ± 33). In
contrast, cTC did not express IFNγ (Figure 8A) after stimulation
with low- and high-dose αGC. There was, however, an increased
frequency of perforin+ cTC (Figure 8B) after stimulation with
αGC. Porcine iNKT cells also displayed cytolytic capacities in
response to αGC stimulation. While low-dose αGC did not result
in significant changes in CD107a expression on iNKT cells or
cTC, high-dose αGC resulted in a significantly higher frequency
of CD107a+ iNKT cells (Figure 8C). Unspecific stimulation
with PMA/ionomycin resulted in an even higher frequency of
CD107a+ iNKT cells. However, cTC did not show significant
changes of CD107a expression. Thus, we demonstrated antigen-
specific induction of the effector molecules IFNγ and perforin
and degranulation of porcine iNKT cells.

iNKT Cell Frequency in Swine Decreases
With Age
Previous studies in humans indicated an important role for iNKT
cells in early stages of life, evidenced by a higher percentage of
iNKT cells in young individuals. To investigate whether the iNKT
cell frequency in swine is also age-dependent, we analyzed the
percentage of CD3+ cells among lymphocytes (Figure 9A) and
iNKT cells among CD3+ lymphocytes (Figure 9B) in blood of
healthy pigs two-weeks, four-weeks, 10-12-weeks, 16-weeks, and
25-weeks of age. There was no difference in the frequency of
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FIGURE 7 | Changes in iNKT cell subset frequency upon antigenic activation. Porcine PBMC were incubated in the presence of of 0.1µg/ml or 1µg/ml αGC or

DMSO as vehicle control for 4 days. (A) Expression of CD8α and CD4 on iNKT cells was investigated. Representative flow cytometric plots of controls (left plot),

low-dose (middle plot), and high-dose αGC (right plot) stimulated iNKT cells are shown. CD8α
−/CD4− (DN), CD8α

+/CD4− (CD8α
+), and CD8α

+/CD4+ (DP)

subsets in iNKT cells were identified as previously shown. Numbers in the plot show the frequencies of the respective gate. (B) Frequency of iNKT cell subsets in

controls (white) and after stimulation with 0.1µg/ml (gray) or 1µg/ml αGC (black) shown as Tukey box plots (n = 7). (C) Expression level of CD25 (left graph), ICOS

(middle graph), and MHC II (right graph) on DN (empty bars), CD8α
+ (diagonal black hatching), and DP (vertical black stripes) iNKT cells was investigated in control

cells (white) and cells stimulated with 0.1µg/ml (gray) or 1µg/ml (black) αGC (mean (SD), n = 4). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,

repeated-measures one-way ANOVA with Holm-Sidak’s post-hoc test for multiple comparisons.

CD3+ cells among the different groups. In contrast, we found
the frequency of iNKT cells in 2-week-old piglets (1.1% ± 0.19)
to be significantly higher than in all other groups. iNKT cell
frequency declined rapidly with increasing age. Four-week-old
piglets still displayed significantly higher proportions of iNKT
cells (0.48% ± 0.25) than older animals. The frequency of iNKT
cells was still elevated, but not statistically significant, in 10–
12 week-old pigs (0.24% ± 0.1) compared to older animals.
In comparison to 2-week-old piglets, iNKT cell frequency was
markedly reduced. In 16-week-old and 25-week-old pigs, iNKT
cell frequency remained on a comparable low level (0.09%± 0.06,
0.08%± 0.04, respectively).

Virus-Infected Swine Display Increasing
Frequencies of iNKT Cells in
Disease-Related Tissues
iNKT cells are among the first responders after microbial
infection. In pigs, iNKT cell dynamics upon infection have
not been investigated so far. Hence, we measured iNKT cell
frequency in viral infections of either high zoonotic potential,
i.e., IAV (H1N1; Figure 10A), or of high veterinary and
economic importance, i.e., ASFV strain Armenia08 (Figure 10B).
Over the course of the study, IAV-infected animals showed
no clinical signs of disease. However, during subclinical IAV
infection (Figure 10A), we found a significant increase in
iNKT cell frequency in lung lymph nodes (Nodus lymphaticus
tracheobronchales inferiores) at 4 days post infection (dpi), which
decreased until 7 dpi to levels still higher than in control animals.
In line with this finding, iNKT cell frequencies tended to increase
non-significantly in peripheral blood, broncho-alveolar lavage

(BAL), and lung at 4 dpi, which returned to control levels at
7 dpi in all tissues. In spleen, iNKT cell frequency peaked at 7
dpi. There were no changes in iNKT cell frequency in the gut.
In contrast to IAV, ASFV-infected swine showed typical clinical
signs of severe disease. ASFV infection was fatal in all animals
in this study. During ASFV infection, we detected a significant
increase in iNKT cell frequency in blood and lung at 5 dpi. In
the lung, frequency dropped to control levels at 7 dpi, while they
remained elevated, although not significantly, in blood. iNKT
cell frequency was also increased in liver and one of the liver
lymph nodes (Nodi lymphatici hepatici) 5 dpi but was on control
levels again at 7 dpi. We therefore described the first iNKT cell
dynamics in virus-infected swine.

To further evaluate the role of porcine iNKT cells in the
aforementioned viral infections and to test our findings with
the synthetic CD1d ligand αGC, we stimulated porcine PBMC
with supernatant of CD172a+ cells infected with IAV or ASFV.
We found a small but significant increase of CD25+, ICOS+,
and Ki-67+ iNKT cells after stimulation with IAV-conditioned
supernatant (Figure 11A). For ASFV, there was no detectable
activation of iNKT cells (Figure 11B).

DISCUSSION

iNKT cells are a subset of innate lymphocytes located at
potential pathogen entry sites at mucosal surfaces and lymphoid
tissues. Even though they are a rare population in the vast
pool of lymphocytes, they are pivotal orchestrators of innate
and adaptive responses (58–60). Because of this central role
in immunity, iNKT cells and their cellular responses have
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FIGURE 8 | Expression of IFNγ and perforin and degranulation of activated porcine iNKT cells upon antigenic activation. Porcine PBMC were cultivated in the

presence of 0.1µg/ml (gray) or 1µg/ml αGC (black) or DMSO (white) as a control for 4 days. At day 4, the cells were restimulated with medium containing the

respective treatment. 2 h later, Brefeldin A was added and the cells were incubated for another 4 h. Intracellular expression of IFNg and perforin in iNKT cells (blue) and

cTC (orange) was analyzed by flow cytometry. (A) Representative flow cytometric plots showing IFNγ expression in iNKT cells and cTC (vertical line indicates threshold

based on expression level in controls). Frequency of IFNγ-expressing iNKT cells and cTC in controls and after stimulation with 0.1µg/ml or 1µg/ml αGC (n = 5-7). (B)

Representative flow cytometric plots showing perforin expression (vertical line indicates threshold based on expression level in controls). Expression level of perforin in

iNKT cells and cTC in controls and after antigenic stimulation. Perforin+ iNKT cells and cTC after antigenic stimulation (n = 4). (C) CD107a surface expression on

iNKT cells and cTC after stimulation with 0.1µg/ml or 1µg/ml αGC and PMA/ionomycin. Specific degranulation was calculated as the difference in surface expression

of stimulated and control cells and is given as 1CD107a (n = 4). Data shown as mean (SD), *p < 0.05, ***p < 0.001, ****p < 0.0001, repeated-measures one-way

ANOVA with Holm-Sidak’s post-hoc test for multiple comparisons.

been investigated extensively in mice and humans. However,
a large animal model for immunological research in general
and iNKT cell research in specific is still needed. Because
of their physiological and immunological similarities with
humans, pigs exhibit high potential as a biomedical model for
infectious diseases (3–10). Moreover, because pigs are of high
veterinary and economic importance, understanding of their
immune system has an invaluable relevance exceeding mere
scientific modeling.

We comprehensively characterized peripheral porcine iNKT
cells and provided evidence for similarities with their human
and murine counterparts. Naïve peripheral iNKT cells in swine
were predominantly CD8α+ and did not display a distinct
CD4+ population, which confirms earlier data (36, 37). These
characteristics are comparable to human peripheral iNKT cells,
which are predominantly CD8α+ or DN, and in contrast to
murine iNKT cells, which are mostly CD4+ and lack CD8
surface expression (61). CD8α+ iNKT cells in swine and humans
are principally CD8αα

+ but do not express the CD8 β-chain
(61). Differences in the study design in various species may
hamper accurate comparative analysis of iNKT. Human and
murine iNKT are often expanded in vitro before experimental
investigations, resulting in significant changes of the subset

distribution (61, 62). Therefore, some authors question the
reliability of functional classifications of CD4/CD8 subsets
in iNKT. We investigated freshly isolated iNKT. Hence, the
described characteristics of iNKT subsets in this study are largely
unaffected by ex vivo sample processing.

Porcine iNKT cells displayed an antigen-experienced
phenotype, indicated by lack of CD45RA expression on
the cell surface. Applying the characterization of human
memory T cells to swine, porcine CCR7+/CD27+ iNKT cells
represent a subset functionally similar to central memory cells,
while CCR−/CD27+ and CCR−/CD27− iNKT cells resemble
transitional memory cells and effector memory cells, respectively
(56). Upon activation, central memory cells produce IL-2 and
rapidly proliferate. After differentiation into effector memory
cells, they express cytokines, including IFNγ (55). An elevated
fraction of CD27−/CCR7+ iNKT cells, probably representing
activated effector cells with de novo expression of CCR7 (63),
further strengthens our hypothesis that iNKT cells exhibit
a preactivated phenotype in naïve animals. A comparable
phenotype has been shown in human and murine iNKT cells
as well (13, 64–66). This preactivation is discussed as the result
of a lower activation threshold of iNKT cells in comparison
to cTC (67) or exposition to endogenous ligands (68). Either
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FIGURE 9 | Age-dependent changes in iNKT cell frequency. Whole blood from

swine of the indicated age (n = 5) was investigated for the frequencies of iNKT

cells and cTC among CD3+ lymphocytes. Box plots showing the frequency of

(A) CD3+ cells among lymphocytes and (B) iNKT cells among CD3+ cells. **p

< 0.01, ****p < 0.0001, ordinary one-way ANOVA with Holm-Sidak’s post-hoc

test for multiple comparisons.

way, preactivation of iNKT cells in vivo, in line with preformed
cytokine mRNA (13), additionally emphasizes the ability of
iNKT cells to respond immediately to stimuli (66). About half
of all porcine iNKT cells expressed CCR7, which is critical for T
cell extravasation and migration into T cell areas of secondary
lymphoid tissues (69). CCR7 expression on porcine peripheral
iNKT cells could therefore also explain the significant in vivo
increases of iNKT cell frequencies in regional lymph nodes
during infection with IAV (H1N1) as well as with ASFV strain
Armenia08. Functional CCR7 expression, i.e., chemotactic
migration to CCR7 ligands, has been shown for peripheral
murine and human iNKT cells (70, 71). Moreover, CCR7 seems
to be pivotal for the differentiation into effector subsets in the
periphery (71). This indicates that porcine CCR7+ iNKT cells are
licensed to early migration from peripheral blood to secondary
lymphoid tissues as well. Additionally, we found high levels of
CD27 on porcine CD8α+ iNKT cells but not on DN iNKT cells.
CD27 is essential for survival of CD8+ effector cells, especially
after multiple rounds of cell division (72, 73). Ligand-binding of
CD27 on CD8+ cells induces proliferation even in the absence
of bona fide stimuli such as IL-2 (74). Cumulatively, our results
emphasize that porcine iNKT cells display an effector-memory
phenotype and that activation of porcine CD8α+ iNKT cells may
occur in the absence of co-stimulation by other cells.

Our phenotypic characterization further indicated the
presence of two main iNKT subsets, iNKT1 and iNKT2,

FIGURE 10 | In vivo dynamics of porcine iNKT cells during viral infections.

Pigs were experimentally infected with (A) IAV (n = 3-5) or (B) ASFV (n = 4). At

the indicated time after infection, animals were euthanized and lymphocytes of

the indicated tissues were isolated. Frequency of iNKT among CD3+

lymphocytes was then investigated using flow cytometry. Open circles show

uninfected control animals (Co). Closed circles show infected animals at the

indicated time post infection. Each symbol represents an individual animal with

a line indicating mean. BAL, Broncho alveolar lavage. Lung LN, lung lymph

node (Nodi lymphatici tracheobronchales inferiores). Liver LN, liver lymph node

(Nodi lymphatici hepatici). *p < 0.05, **p < 0.01, ordinary one-way ANOVA

with Holm-Sidak’s post-hoc test for multiple comparisons.

and a minor subset, non-iNKT1/2. According to studies in
mice, these subsets differ not only phenotypically but also
functionally. iNKT1 exhibit properties associated with Th1
cells, like production of IFNγ, while iNKT2 produce the Th2
cytokine IL-4. The non-iNKT1/2 fraction may contain several
other iNKT cell subsets, which at present cannot be further
investigated in swine due to lack of detection systems. Among
the possible iNKT subsets are iNKT17, producing IL-17, and
regulatory and follicular helper iNKT cells. Different regulatory
iNKT cells have been identified by the expression of FoxP3
or E4BP4 in mice (75, 76), follicular helper iNKT have been
described as Bcl-6+ (19). A recent study has provided evidence
indicating that porcine iNKT cells also provide non-cognate
B cell help (32), indicating that follicular helper iNKT cells
exist in pigs as well. In humans, CD4+ iNKT cells are the most
efficient B cell helpers (77). Upregulation of CD4 and MHC II
in activated porcine iNKT cells suggests that CD4+ iNKT cells
in swine have similar functions. MHC II expression by human
cTC and iNKT cells is also upregulated upon activation during
viral infections (78, 79). Both cell types may act as effective
Antigen-presenting cells (APC) (52). Expression of MHC II on
the surface of T lymphocytes has also been shown for a variety
of other species, including rats, canine, bovine, and equine
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FIGURE 11 | In vitro activation of porcine iNKT cells during viral infections. Freshly isolated porcine PBMC were incubated without stimulation (white bars) or in the

presence of supernatant of purified CD172a+ cells infected with (A) IAV (MOI 1; gray) or (B) ASFV (MOI 0.1; gray), or 1µg/ml αGC (black) for 4 days. Frequencies of

iNKT cells (blue circles) and cTC (orange circles) positive for CD25, ICOS, and Ki-67 are shown. Pooled data of two experiments with six individual pigs for IAV and

three individual pigs for ASFV shown as mean (SD), *p < 0.05, ****p < 0.0001, ordinary one-way ANOVA with Holm-Sidak’s post-hoc test for multiple comparisons.

(52). Murine T cells, unlike cells from other mammals, do not
express MHC II on their own but rather acquire it from other
cells (52). We found that activation of porcine iNKT cells with
αGC leads to abundant cell surface expression of MHC II. Thus,
porcine iNKT cells reflect human iNKT cells better than murine
iNKT cells. However, the role of MHC II+ iNKT cells is not
entirely understood. Earlier studies indicated that interaction
of MHC II and CD4 on CD4+ iNKT cells could boost previous
TCR-dependent activation by trans-interaction of MHC II+ and
CD4+ iNKT cells, respectively (80). Upregulation of CD4 as well
as MHC II by activated porcine iNKT cells indicates that such a
process may occur in swine as well.

Human as well as murine iNKT cells primarily display an
effector phenotype (61). We showed that porcine iNKT cells
have similar characteristics. Naïve porcine iNKT cells abundantly
expressed CD5 and were positive for CD25, MHC II, and
ICOS. These markers are associated with effector cells (49–
52). Expression of CD25 on naïve iNKT cells has also been
shown in humans and mice (81, 82), ensuring prompt iNKT cell
responsiveness (83). Expression of CD5 is upregulated by human
cTC upon activation (49). We observed a corresponding increase
of CD5 on the surface of activated porcine iNKT cells, thereby
demonstrating highly activated cells (49). However, the role of
CD5 on cTC and iNKT cells is not entirely understood.Molecular
studies with human CD5 indicate that homophilic interactions
with CD5 on other T cells or APC in trans or on the same cell
in cis are needed for the regulation of T cell immunity (84).
CD5 could also be used for regulation of iNKT cell responses,
because expression of CD5 has been shown to inhibit TCR-
dependent cell activation (49). Therefore, the high levels of CD5
on activated iNKT cells could limit further activation and possible
immunopathology. Responses of iNKT cells are further regulated
by ICOS. Interaction of ICOS with ICOSL, expressed exclusively
on APC (85), is essential for homeostasis, activation, and survival
of iNKT cells (51, 86, 87). Expression of ICOS, along with the

receptors for IL-12 and IL-18, is induced by PLFZ, thereby
shaping the ability of iNKT cells to respond to stimuli (88). This
underlines the importance of ICOS for iNKT cell functionality.
Some studies indicate that ICOS expression is associated with
a Th1-based response, because ICOS expression on iNKT cells
correlates with a pro-inflammatory phenotype and expression of
IFNγ (86, 87). Other studies suggest that ICOS is not linked to
a certain Th-subset differentiation but rather identifies cells in
an effector state (89). Thus, ICOS expression on porcine iNKT
cells does not necessarily indicate differentiation of iNKT cells
into iNKT1. However, in context with the expression of other
markers, such as CD25 or CD5, their shift to a T-bet+ iNKT1
phenotype, and their expression of IFNγ and perforin, it seems
accurate that αGC-stimulated porcine iNKT cells differentiate
primarily into Th1/iNKT1.

In this study, we observed a higher expression of activation
and effector markers, like CD25 and MHC II, on CD8α+ iNKT
cells than on CD8α− iNKT cells. Moreover, CD8α+ iNKT cells
were the primary subset we detected during Th1-biased iNKT
cell responses. Comparable results have been described in earlier
studies, where CD8α+ iNKT cells produced higher amounts of
IFNγ during unspecific activation with PMA/ionomycin (37).
CD8α has also been described as an activation marker on
another population of unconventional porcine lymphocytes, γδ

T cells (90). This indicates that CD8α also acts as a marker
of maturation and effector functions on porcine iNKT cells.
Additionally, since activation resulted in a loss of DN iNKT
cells and an increase of DP and CD8α+ iNKT cells, both with
a significantly higher ICOS expression than DN iNKT cells,
CD8α+ and DP iNKT cells might represent highly differentiated
effector subsets. The high expression of effector markers even in
steady state indicates that porcine iNKT cells are also licensed
for rapid responses. Overall, porcine iNKT cells phenotypically
mimic human iNKT cells significantly better than murine
iNKT cells.
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Porcine iNKT cells upregulated perforin expression and
displayed degranulation as shown by increased CD107a surface
expression upon antigenic stimulation. This feature is shared
with iNKT cells in mice and humans (17, 91–93). Cytotoxicity,
including perforin production, is induced independent of TCR
stimulation by pro-inflammatory cytokines like IL-12 or IL-18
secreted by APC (91, 94). How iNKT cells precisely mediate
cytotoxicity is still under discussion. Perforin-mediated lysis
was described in viral infections and cancer models (15, 16,
91), while other studies suggested rather Fas/FasL-dependent
lysis of target cells by iNKT cells (18, 94). Both pathways are
CD1d-dependent, although CD1d-independent lysis mediated
by NKG2D has also been described (95). Which of these
pathways prevails in a specific context likely depends on the
activation mode and availability of relevant molecules on the
surface of target cells (14). Deciphering activation and mode of
porcine iNKT cell cytotoxicity require in-depth analysis. Our
phenotypic and functional characterization paves ways for such
studies. The increase of perforin-expressing cTC we saw in
our studies is likely due to direct and indirect effects on cTC
during iNKT cell activation. IFNγ, highly expressed by activated
iNKT cells, is known to enhance the cytotoxic activity of T
cells by autocrine and paracrine stimulation (96). Moreover,
IFNγ has been shown to induce the expression of the high-
affinity IL-12 receptor (97). This enables cTC to react to IL-
12, secreted by APC during αGC stimulation. IL-12 in turn
is known to enhance perforin responses (98). This bystander
activation provides further protection during ongoing immune
responses and demonstrates the linkage of both early iNKT cell
and subsequent cTC responses.

Interestingly, we only saw significant differences between the
effects of the two concentrations of αGC in three cases. High-
dose αGC resulted in heightened proliferation, increased perforin
expression, and increased frequencies of IFNγ-producing iNKT
cells. As iNKT cells do not require co-stimulation for cytokine-
production (12, 13), dose-dependent effects are explained by
interaction loops between APC and iNKT cells. Activated iNKT
cells readily produce cytokines, like IFNγ, and induce maturation
of dendritic cells, which in turn increase production of iNKT cell-
stimulating cytokines, like IL-12 (99). Notably, αGC is a highly
potent antigen with a high affinity to the iNKT cell TCR and
a long half-life (100). Therefore, αGC likely induces stronger
responses in iNKT cells than activation with natural ligands (27).
The distinctive phenotype of in vitro-stimulated porcine iNKT
cells requires in vitro verification with other CD1d ligands or
bacterial/viral antigens and, most importantly, in vivo validation
in infection studies.

We found a rapid age-dependent decrease in iNKT cell
percentage during the first 12 weeks of life. In animals older
than 12 weeks, iNKT cells maintained the same abundance.
Since the frequency of CD3+ lymphocytes did not change, the
drop in iNKT cell frequency cannot be explained by changes
in the overall T cell frequency. The high iNKT cell frequencies
in young individuals indicate that iNKT cells play a critical
role for immunological responses in the first weeks of life.
Similar age-dependent decreases are known in humans as well
(101, 102). The frequency of iNKT cells in swine investigated

for age-related changes was lower than in swine investigated in
other experiments. This might be explained by different housing
conditions of the pigs used for different experiments. The
samples for investigation of age-dependent iNKT cell frequency
were obtained from a pig farm with strict biosafety standards,
limiting contact with pathogenic microorganisms. In contrast,
animals for other experiments were kept at our institute under
conventional conditions, enabling microbial colonization. In
mice, iNKT cell frequencies decrease if animals are kept under
germ-free conditions (103, 104). This indicates that iNKT cell
homeostasis in swine is also at least partially dependent on the
microbiome of the respective animal.

We described the first iNKT cell kinetics in pigs in two
viral infections, IAV and ASFV. We observed increases in
iNKT cell frequency in blood and mucosal tissues at early time
points during both infections, in line with the well-documented
relevance of this lymphocyte population at the onset of infection
(58, 105). However, iNKT cell dynamics changed at later stages
of infection and their frequencies decreased over time. Moreover,
we detected small but significant activation of iNKT cells in
in vitro assays using IAV-conditioned supernatant. A host-
beneficial expansion of iNKT cells with antiviral properties
during IAV infection has been described in other species as
well [reviewed in Crosby and Kronenberg (27)]. Mechanistically,
iNKT cells act in various ways during IAV infection. Via
secreted IFNγ, iNKT cells activate multiple bystander cells and
induce protective adaptive responses. Moreover, iNKT cells
facilitate conventional antiviral CD8+ T cell responses (106),
inhibit immunosuppression by myeloid-derived suppressor cells
(107), and produce cytokines critical for mucosal immunity and
integrity, like IL-22 (108). The iNKT cell influx during IAV
infection in swine peaked significantly in the lung lymph nodes
and non-significantly in lung and broncho-alveolar lavage in
our study. Comparable expansions of iNKT populations in these
tissues were shown during IAV infection in humans (27). This,
in connection with our in vitro data, indicates that iNKT cells
in swine may play a similar role during respiratory infections
as in humans. Future studies will clarify precisely how iNKT
cells are involved in antiviral immunity against IAV in swine.
In response to ASFV infections, CD8+ T cells seem to play a
major role (109). Moreover, higher IFNγ production correlated
with higher protection from ASFV challenge (110). A role for
iNKT cell-like cells in the immunity against ASFV infection
has been discussed earlier, as cells with a NKT-like phenotype
(CD3+/CD4−/CD8+/CD5±/CD6−/CD11b+/CD16+) expanded
after co-culture of porcine PBMC with ASFV in vitro (110).
However, as others and we showed, the phenotype of these cells
resembled real iNKT cells only rudimentarily. It is therefore
questionable whether the described expansion and effects are
attributable to iNKT cells. Contrary to the changes in vivo, we
did not see any ASFV-induced iNKT cell activation in vitro. This
might be explained by immune evasion mechanisms used by
pathogenic ASFV strains, that were recently been shown to block
type I IFN responses in infected cells (111). Since type I IFN are
potent inductors of iNKT cell activation (14), blockage of type
I IFN expression would impair iNKT cell activation. However,
these evasionmechanismsmight at least partially be counteracted
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in vivo, which cannot be simulated in vitro. Our in vivo data still
indicates that iNKT cells are involved in the immune response
against ASFV because the iNKT cell frequency increased locally
in affected tissues and systemically in peripheral blood. However,
an immunopathological role of iNKT cells during ASFV infection
cannot be excluded. Overactivation of iNKT cells may result
in a cytokine storm, which further weakens the animals and
contributes to morbidity (112, 113). Furthermore, excessive local
responses result in immunopathology, like liver damage (114,
115), as typically seen in animals succumbed to ASFV infection.
The role of porcine iNKT cells in ASFV infections has to be
evaluated in future studies.

iNKT cells are increasingly coming to the fore as target cells
for novel vaccine adjuvants. New and more effective vaccines
against infectious diseases are needed for swine as well as for
humans. This is especially true for zoonotic diseases, like IAV,
for which humans and swine are susceptible. αGC or αGC-
analogs have been shown to induce high IgG and IgA titers
against co-administered proteins in mice (116) as well as in swine
(28, 29, 31). Expression of IFNγ by iNKT cells is crucial for B
cell help and induction of class switch (20). We observed IFNγ

expression by porcine iNKT cells upon antigenic stimulation,
which indicates that pathways similar to those in mice are used
by porcine iNKT cells to help B cells. αGC-adjuvanted vaccines
also prime and potentiate cytotoxic CD8T cell responses in mice
(116, 117) and non-human primates (118). Targeting iNKT cells
during vaccination represents a promising new way to increase
vaccine efficacy. However, cellular and molecular interactions of
porcine iNKT cells with effector cells of the adaptive immune
system need further evaluation.

Taken together, we established a multicolor flow cytometry
platform for analysis of porcine iNKT cells. Our study pioneered
detailed phenotyping and differentiation of porcine iNKT cells
and their effector molecules. Moreover, we provided first insights
into the relevance of iNKT cells in viral diseases in pigs. We
demonstrated that porcine iNKT cells display striking phenotypic
and functional similarities to human but less to murine iNKT
cells. Therefore, pigs were shown to be a valuable large animal
model for immunological studies, especially for, but not limited
to, iNKT cell research.
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The goals of our study were to compare the immune response to different killed and

modified live vaccines against PRRS virus and to monitor the antibody production and

the cell mediated immunity both at the systemic and local level. In the experiment,

we immunized four groups of piglets with two commercial inactivated (A1—Progressis,

A2—Suivac) and two modified live vaccines (B3—Amervac, B4—Porcilis). Twenty-one

days after the final vaccination, all piglets, including the control non-immunized group

(C5), were i.n., infected with the Lelystad strain of PRRS virus. The serum antibody

response (IgM and IgG) was the strongest in group A1 followed by two MLV (B3 and B4)

groups. Locally, we demonstrated the highest level of IgG antibodies in bronchoalveolar

lavages (BALF), and saliva in group A1, whereas low IgA antibody responses in BALF and

feces were detected in all groups. We have found virus neutralization antibody at DPV

21 (days post vaccination) and higher levels in all groups including the control at DPI

21 (days post infection). Positive antigen specific cell-mediated response in lymphocyte

transformation test (LTT) was observed in groups B3 and B4 at DPV 7 and in group B4 at

DPV 21 and in all intervals after infection. The IFN-γ producing lymphocytes after antigen

stimulation were found in CD4−CD8+ and CD4+CD8+ subsets of all immunized groups

7 days after infection. After infection, there were obvious differences in virus excretion.

The virus was detected in all groups of piglets in serum, saliva, and occasionally in feces

at DPI 3. Significantly lower virus load was found in groups A1 and B3 at DPI 21. Negative

samples appeared at DPI 21 in B3 group in saliva. It can be concluded that antibodies

after immunization and infection, and the virus after infection can be detected in all

the compartments monitored. Immunization with inactivated vaccine A1—Progressis

131

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2019.01689
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2019.01689&domain=pdf&date_stamp=2019-08-06
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:toman@vri.cz
https://doi.org/10.3389/fimmu.2019.01689
https://www.frontiersin.org/articles/10.3389/fimmu.2019.01689/full
http://loop.frontiersin.org/people/606042/overview
http://loop.frontiersin.org/people/775229/overview
http://loop.frontiersin.org/people/776372/overview
http://loop.frontiersin.org/people/433883/overview
http://loop.frontiersin.org/people/489629/overview


Toman et al. Immune Response After PRRSV Vaccination

induces high levels of antibodies produced both systemically and locally. Immunization

with MLV-vaccines (Amervac and Porcilis) produces sufficient antibody levels and also

cell-mediated immunity. After infection virus secretion gradually decreases in group B3,

indicating tendency to induce sterile immunity.

Keywords: porcine reproductive and respiratory syndrome, virus, antibody, cell-mediated immunity, inactive

vaccine, modified-live vaccine

INTRODUCTION

Porcine reproductive and respiratory syndrome (PRRS) is
the most economically significant infectious disease currently
affecting swine worldwide. Typical clinical symptoms of PRRS
are mild to severe respiratory disease in infected newborn and
growing pigs, and reproductive failure in pregnant sows. Two
genotypes of the PRRS virus (PRRSV) have been identified:
European (type 1) and North American (type 2). There are
considerable genetic and virulence differences between and
within PRRSV genotypes (1–3) correlated with a lack of
cross-protection by vaccines (4–8). Highly pathogenic strains
of PRRSV (HP-PRRSV) have been identified within both
genotypes (9–11). Depending on viral strain and immune status
of the host, some swine farms may have pigs subclinically
infected, whereas others experience severe reproductive, and/or
respiratory disease. Infection with both “classical” and highly
pathogenic strains is associated with aberrant host immune
response (9, 12).

Swine are the only known natural host of PRRSV and the
primary target cells for replication of PRRSV are porcine alveolar
macrophages (PAMs) (13). The first stage is represented by
acute infection, resulting in viremia 6–12 h post-infection (PI),
and lasting for several weeks despite the presence of circulating
antibodies. In the second, persistent stage of infection, the virus
is no longer detected in blood and lungs, and pigs no longer
exhibit signs of clinical disease. In this stage, viral replication is
primarily localized in lymphoid organs, including tonsils, and
lymph nodes (14).

Infection with PRRSV elicit poor innate and adaptive immune
responses associated with immune modulation and incomplete
viral clearance in most of the pigs, depending on their age, and
immune status (12, 15–17). Infection with certain PRRSV strains
induced significant suppression of NK cell cytotoxic activity
(18). The quantity of pro-inflammatory cytokines is significantly
lower than in other viral infections and is strain dependent
(19). PRRSV is also a poor inducer of IFN-α. Infection with
PRRSV induces an antibody response (production) by 7–9 DPI
but with no evidence of protection against PRRSV infection;
serum neutralizing antibodies appear only later, typically ≥28
days PI (20). The virus also evades host cell-mediated immunity
most likely by the promotion of immunosuppressive cytokines
IL-10 and TGF-β resulting in delayed onset of Th1 immune
response (18). Similarly, an immunosuppressive function of
PRRSV was shown to probably be mediated by the cytokines IL-
10 and TGF-β and action of Treg (21–23). Immunosuppression
induced by PRRSV facilitates other viral and bacterial infections
(18, 24, 25).

Vaccination is the principal means used to control and
treat PRRSV infection. Several comprehensive review articles
have been published recently. They critically evaluate different
vaccination approaches against the PRRS virus and indicate
the main weaknesses of current vaccines and vaccination
strategies (26–29). Among others the problem are caused by high
heterogeneity and occurrence of highly pathogenic strains and
therefore efforts have beenmade to develop vaccines with a broad
spectrum of effects (4, 5, 7, 30–33). However, the opinion still
prevails that vaccination is more cost-beneficial over other health
interventions (34–36).

Our study had the following three aims:

1) to establish complex immune response characteristics using
several methodological approaches;

2) to monitor the dynamics in different compartments and
in a time-dependent manner after vaccination and the
challenging infection;

3) to compare the types of immune responses after vaccination
with inactivated or live attenuated vaccines and subsequent
challenge using a homologous strain.

MATERIALS AND METHODS

Animals
Twenty-five weaned piglets aged 8 weeks and weighing 8–12 kg
of the LargeWhite breed from a PRRSV negative herd were used.
The negative status of the animals was confirmed by serology
using commercial ELISA kit (Idexx Labs). The use of animals
was approved by the Branch Commission for Animal Welfare
of Ministry of Agriculture of the Czech Republic (approval
protocol No. MZe-1487) as a part of project as a part of project
Respig (QJ1210120).

Vaccines
Four commercial vaccines were used. Their characteristics are in
Table 1.

Challenge Virus
Lelystad strain PRRSV (CAPM V-490) was obtained from the
collection of animal pathogenic microorganisms (CAPM) at the
Veterinary Research Institute (Brno, Czech Republic). The virus
was propagated on the MARC-145 cell line and maintained
in Dulbecco’s Modified Eagle’s Medium (DMEM) (Invitrogen)
supplemented with 10% fetal bovine serum (FBS) (Thermo
Scientific), 1% antibiotics (Antibiotic Antimycotic Solution
100x: 10,000 units penicillin, 10mg streptomycin, and 25 µg
amphotericin B per mL; Sigma-Aldrich) at 37◦C and 5% CO2.
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TABLE 1 | Characteristics of vaccines used in the experiment.

Name Producer Type Group of animals Virus strain Adjuvans

Progressis Merial Inactivated A1 P120 Water in oil

Suivac PRRS-In Dyntec Inactivated A2 VD-E1, -E2, -A1 Water in oil saponin

Amervac PRRS Hipra Modified live B3 VP-046BIS Diluent A3 levamisole

Porcilis PRRS Intervet Modified live B4 DV Diluent Diluvac forte

The virus was clarified by centrifugation, and its concentration
was determined by plaque assay. The concentration of stock virus
used in experiments was 5× 106 plaque forming units per mL.

Experiment Design
Twenty-five piglets were used in the experiment. The piglets
were assigned to five groups of five animals each according to
weight and gender. The animals were housed in BSL2 isolation
rooms, keeping animals from only one experimental group in
each room. The animals were left to acclimate for 14 days
after stocking. All piglets were clinically healthy at the time
the experiment started. On day 0 (D0) two groups of piglets
(A1 and A2) were immunized. Each animal was administered
2ml of inactivated vaccine by an intramuscular (i.m.) injection.
After 21 days (D21), piglets in these groups were revaccinated
with the same dose, and piglets from the other two groups
(B3 and B4) were immunized with 2ml of a MLV vaccine.
The health status of piglets was monitored on a regular basis,
including temperature measurements, and samples of blood and
other body fluids were taken for respective examinations at pre-
set time intervals. After an additional 21 days (D42), all pigs,
including control group (C5), were infected with 2ml of the
live PRRS virus. The piglets were monitored for another 21
days and then slaughtered (D63). Euthanasia was performed by
exsanguination after combined anesthesia with a TKX (Telazol-
Ketamin-Xylazin) mixture containing 12.5 mg/mL tiletamine
and 12.5 mg/mL zolazepam (Telazol, Virbac, Carros, France),
12.5 mg/mL ketamine (Vetoquinol, Lure, France), and 12.5
mg/mL xylazine (Bioveta, Ivanovice na Hane, Czech Republic),
administered intramuscularly in a final volume of 0.2 mL/kg
body weight. As well as collection of blood and other body
fluids (intestinal contents, bronchoalveolar lavage), an autopsy
was performed and organs (lung parenchyma, spleen, lymph
nodes,...) were collected for virological examination.

Sampling
Blood samples for serum and heparin-treated blood samples were
taken from the jugular vein. Group saline samples were collected
using ropes which were left in the hutch for 3 h. Individual fecal
samples were collected when handling the animals.

Bronchoalveolar lavage fluid (BALF) sampling was performed
for the first time on live animals and for the second time
after slaughter. The intravital lavage was performed with the
animals under general anesthesia (a mixture of Xylazine and
Ketamin) without the use of an endoscope by amethod described
earlier (37). Pigs were positioned in the sternal recumbency. An
endotracheal tube was inserted into the trachea and 20ml of

sterile PBS (pH 7.2) was injected into the distal parts of the
airways, toward the bronchus. About 60% of the infused saline
was recovered as BALF aspirate and was filtered and centrifuged
for 15min at 200 g. Supernatant was stored at −20

◦
C prior to

serological analyses.

Quantitative RT-PCR for Viral Load
Detection
Total RNA from experimental samples of sera, oral fluids,
and BAL (100 µL) was extracted using a NucleoSpin R©

RNA II kit (MACHEREY-NAGEL), in accordance with the
manufacturer’s instructions (protocol for total RNA preparation
from biological fluids). The RNA obtained was eluted in
60 µL RNase-free water and immediately used for qRT-
PCR amplification. Remaining RNA was frozen at −80◦C for
subsequent use.

Isolated RNA was used for qRT-PCR amplification by EZ-
PRRSVTM MPX 4.0 Real Time RT-PCR kit (Tetracore), in
accordance with the manufacturer’s instructions. Quantification
of the virus genome copies was based on quantification standards
included in the kit.

Serology Evaluation
For the evaluation of systemic and local antibody production two
ELISA methods were used.

All swine sera tested were examined by commercially
available ELISA test INGEZIM PRRS UNIVERSAL (Ingenasa),
in accordance with the manufacturer’s instructions, to examine
for the presence of N protein specific IgG antibodies.

All swine sera, oral fluids, and BAL tested were examined
by home-made indirect ELISA test based on recombinant
nucleocapsid protein N of PRRS virus (developed previously
in our department) for detection of specific IgM, IgG, and
IgA antibodies.

Optimal antigen, serum, and antibodies concentrations
were determined by checkerboard titration of positive and
negative porcine sera. The cut-off value was determined by
defining the upper prediction limit based on the upper tail
of the t-distribution of negative control OD readings, at a
confidence level of 99.5%. Positive serum with an absorbance
corresponding to the calculated cut-off was included in all
test plates.

The recombinant N protein diluted in 50mM Bicarbonate-
Carbonate Buffer pH 9.6 to a final concentration of 1.5µg/mL
was coated on 96-well-microtiter plates (Maxisorp II R©

Immunoplates, Nunc, Denmark) overnight at 26◦C. The wells
were then blocked with 3% skimmed milk in PBS for 90min
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FIGURE 1 | Levels of antibodies in sera. Levels of antibodies were measured in sera with home-made ELISA (A–IgM) or the commercial ELISA test Ingezim PRRS

universal (B–IgG) Levels of virus neutralization antibodies 21 days after vaccination and 21 days after infection (C). *statistically significant difference (p < 0.05) from

control group.

at 37◦C and then washed with PBS. Positive and negative
controls were included in each test plate. Each sample diluted
in 3% skimmed milk in T-PBS (PBS with 0.1% Tween 20
and 0.5M NaCl) was added in duplicates on antigen-coated
wells with some differences among different types of samples.

One hundred microliters of serum samples diluted 1:40

(for detection of IgM antibodies) or 100 µL of non-diluted
samples of BAL (for detection of IgG and IgA antibodies)
were incubated for 60min at 37◦C. Two hundred and fifty
microliters of oral fluids diluted 1:2 were incubated 16 h at

4◦C (for detection of IgG antibodies). Subsequently the plates
were washed three times with T-PBS and antibody binding
was detected by incubation for 60min at 37◦C with 100 µL of

anti-Pig IgM peroxidase conjugate (1:10,000, Bethyl), anti-Pig
IgG peroxidase conjugate (1:30,000, Sigma), or with anti-Pig
IgA peroxidase conjugate (1:3,000, Bethyl) separately (diluted
in T-PBS with 3% skimmed milk). After washing the plates
as described above, 100 µL per well of the TMB-Complete
(TEST-LINE) substrate was added. The optical density (OD)
was measured at 450 nm after an incubation time of 5–10min at
room temperature.

Virus Neutralization Test
The virus neutralization test for detection of PRRSV
neutralization antibodies was performed as follows. Samples
of sera were diluted 1:4 in DMEM medium (Sigma–Aldrich)
supplemented with 3% FBS. Then, heat inactivated sera
(56◦C for 60min) were diluted 2-fold serially in flat-bottom
96-well-microplate (NUNC). Next, equal volume (50 µL)
of media containing 50 PRRSV PFU (Lelystad—CAPM
V-490) was added to each well. Following incubation
(60min at 37◦C) MARC-145 cells were added to each
well (3 × 104 per well) in 100 µL media per well. After 5
days of cultivation (37◦C, 5% CO2), the cytopathic effect
(CPE) of PRRSV on MARC-145 was evaluated by optical
microscopy. The reciprocal value of the last sera dilution causing
50% reduction of CPE was defined as virus neutralization
antibody titer.

Lymphocyte Transformation Test
The lymphocyte transformation test was performed according to
themethod published earlier (38). Peripheral bloodmononuclear
cells (PBMC) were obtained by gradient centrifugation
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TABLE 2 | Summary of immune responses and virus excretion of individual vaccines used in the experiment.

Parameters Time A1—inactivated A2—inactivated B3—mlv B4—mlv

(Progressis) (Suivac) (Amervac) (Porcilis)

ANTIBODY PRODUCTION

Serum Dynamics: IgM D24 + + – –

D28 ++ + – –

D35 ++ + ++ +

Dynamics: IgG D28 ++ + – –

D35 ++ + ++ ++

D49 ++ + ++ ++

D63 +++ +++ ++ ++

Virus neutralization Ab D42 ± ± ++ +

D63 +++ +++ + ++

Local response Saliva IgG D35 + – – –

D49 ++ – + –

D63 +++ ++ ++ ++

BALF IgG D35 +++ + + –

D63 ++ ++ + +

BALF IgA D35 ++ ++ ++ +

D63 – + + +

CELL MEDIATED IMMUNITY

LTT: non-stimulated cells All +++ +++ ++ –

LTT: stimulated cells (SI) All not evalable not evaluable + at D28 ++ at D28, D42, D49, D63

IFNγ in Ag–stimulated subsets D49 positive CD4−CD8+cells positive CD4−CD8+cells positive CD4−CD8+cells positive CD4−CD8+cells

positive CD4+CD8+cells positive CD4+CD8+cells positive CD4+CD8+cells positive CD4+CD8+cells

Elispot IFNγ D63 positive positive positive positive

VIRUS LOAD

serum saliva feces serum saliva feces serum saliva feces serum saliva feces

Post immunization D24 – – – – – – ++ ++ – ++ ++ –

D42 – – – – – – +++ ++ – ++ – ++

Post infection D45 ++ ++ +++ +++ – +++ +++ ++ +++ +++ ++ +++

D56 + ++ – ++ – + ++ – ++ ++ ++ ++

The end of experiment D63 + ++ ++ + ++ +++ ± – + + ++ +

xxxxxx post vaccination (D0-D42) +++ positive (high); ++ positive (mid); + positive (low); ± positive in some animals.

post infection (D45-D63) –negative.

xxAllxx All intervals.

Groups of 5 piglets were immunized i.m with inactivated vaccine A1 (Progressis) or A2 (Suivac PRRS-In) at intervals D0 and D21. Groups of 5 piglets were immunized i.m with modified live vaccine B3 (Amervac PRRS) or B4 (Porcilis

PRRS) at interval D21. All animals were infected with a challenge virus on D42, including the group of control non-immunized piglets (C5). All levels or activities after vaccination or infection are expressed as – (negative) or + to +++

as positive at different intensity.
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(Histopaque-1077, Sigma–Aldrich). Concentration of the
cells was adjusted to 200,000 cells in 200 µL of RPMI-1640
medium supplemented with 10% of autologous serum, 100
IU/mL penicillin, 100µg/mL streptomycin, and 4µg/mL
gentamicin). They were incubated with the 20 µg of optimal
concentration of the specific antigen (MOI 1.0) for 5 days
at 37◦C in 5% CO2. Negative controls were incubated with
RPMI-1640 medium only. All samples were evaluated in
triplicate. 3H-thymidine was added on the last day of cultivation.
Subsequently, the cells were harvested (FilterMate Harvestor,
Packard Bioscience Company, USA), and 3H-thymidine
incorporation was measured by a microplate scintillation and
luminescence counter (TopCount NXTTM, Packard Bioscience
Company) in counts per minute (CPM). The results were
expressed in terms of stimulation indexes (SI), which were
calculated as the ratio of CPM in stimulated samples vs. CPM in
non-stimulated controls.

ELISpot (for IFN-γ Production)
The number of IFN-γ producing cells was calculated by ELISpot
techniques. Commercially available Porcine IFN-γ ELISpot kit
(3130-4HPW-10, MABTECH) was used in accordance with the
manufacturer’s instructions. The number of cells used in the
test was 5 × 105/well. PRRSV was used for stimulation of the
antigen-specific response in multiplicity of infection (MOI) 0.5.
Mitogen ConA at a concentration 66µg/mL was used as a
positive control. Cells without stimulation were used as a negative
control. Incubation lasted for 20 h. Spots were detected using
ELISpot reader system ELRO7TL (AID, Germany). The results
were recalculated to the number of CD3+ lymphocytes.

Identification of Lymphocyte
Subpopulation Producing IFN-γ After
Antigen Stimulation
The 5 × 105 of PBMC per well was stimulated with PRRS virus
in MOI 0.5 for 20 h. The 5× 105 of cultured PBMC were pelleted
and 20 µL of primary monoclonal antibody cocktail containing
anti-CD4 (IgG2b, clone 74-12-4, WSU, Monoclonal Antibody
Center, USA), anti-CD8 (IgG2a, clone 76-2-11, WSU, USA),
and anti-γδ TCR (IgG1, clone PGBL22A, WSU, USA) and 20
µL of heat-inactivated goat serum was added. The cells were
incubated for 20min at 4◦C and then rinsed twice with cell
washing solution. Then, 50 µL of goat anti-mouse secondary
antibody cocktail (anti-IgG2b: DyLight 405, anti-IgG2a: Alexa
Fluor 647, and anti-IgG1: PE-Cy7) was added and the cells were
incubated for another 20min at 4◦C. The cells were rinsed and
then 70 µL of anti-CD3 antibody (IgG1, clone PPT3, Southern
Biotech, pre-stained with Alexa Fluor 488 dye using Zenon
Antibody Labeling Kit, Invitrogen) was added and the cells were
incubated, rinsed twice, and fixation and permeabilization for
subsequent intracellular staining was performed by solutions A
and B of Intra Stain Kit (DAKO Cytomation, USA) (39). Finally,
5 µL of RPE-conjugated anti-IFN-γ antibody (clone CC302,
AbD Serotec UK) was added and the cells were incubated for
30min. The cells were measured as soon as possible using BD
LSR Fortessa flow cytometer (Becton-Dickinson, USA). At least

100,000 events were acquired. The post-acquisition analysis of
data was performed using the FACS Diva software (Becton-
Dickinson, USA). The following lymphocyte subpopulations
were identified: (CD3+) γδ

+CD8+, (CD3+) γδ
+CD8−,

(CD3+γδ
−) CD4+CD8+, (CD3+γδ

−) CD4−CD8+, (CD3+γδ
−)

CD4+CD8−, (CD3+γδ
−) CD4−CD8−, and CD3−CD8+.

The percentage of IFN-γ-positive cells was established for
each subpopulation.

Statistical Analysis
The normality of data distribution were confirmed. Experimental
groups were compared using non-parametric Man-Whitney test.
Data from different dates were compared using non-parametric
Wilcoxon test for paired samples.

Legend on the Figure
Groups of five piglets were immunized i.m. with inactivated
vaccine A1 (Progressis) or A2 (Suivac PRRS-In) at intervals
D0 and D21. Groups of five piglets were immunized i.m. with
modified live vaccine B3 (Amervac PRRS) or B4 (Porcilis PRRS)
at interval D21. All animals were infected with a challenge
virus on D42, including the group of control non-immunized
piglets (C5).

RESULTS

Detection of Antibody Levels in Sera
After vaccination with inactivated vaccines (A1 and A2) the first
IgM in the serum started to appear 14 days after the first dose in
some piglets, and 7 days after the second dose in all animals of the
A1 group (Figure 1A andTable 2). IgG antibodies appeared in all
animals of both groups 7 days after the second dose (Figure 1B).
The level of antibodies in the A1 group was significantly higher
than in the group given the A2 vaccine. In groups of piglets
vaccinated with MLV vaccines (B3 and B4), both IgM and IgG
antibodies appeared 14 days after vaccination. On day 21 after
immunization, their antibody responses were comparable to that
of the A1 group.

After infection, we identified a further increase in antibodies
in the vaccinated groups. For the A1 group, a further increase in
serum IgG antibodies was observed after 1 week and especially
at 14 and 21 days after infection, when this antibody level
significantly exceeded the values in the MLV immunized groups
(B3 and B4) and the control one (C5). The A2 group showed a
sharp increase on post infection days 14 and 21, and the level
of serum IgG antibodies at these intervals was comparable to
A1. In groups immunized with MLV (B3 and B4), serum IgG
levels increased after 7, 14, and 21 days post infection, but did
not reach the A1 group values. In the control, non-immunized
group, the first IgM antibodies appeared 3 days after infection,
with a significant increase on day 7 and 14. IgG antibody levels
appeared 14 and 21 days after infection but were lower than in
the immunized groups.

The virus neutralization antibody was detected in sera of
animals 21 days after vaccination (Figure 1C). These antibodies
were detected in some animals in the groups A1 and A2 only.
At the end of experiment (D63, 21 days post-infection) the high
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level of virus neutralization antibodies were detected in all groups
except B3 group, in which significantly lower level was found
(Figure 1C).

Detection of Antibody Levels in
Other Compartments
Local antibodies in the BALF performed 14 days post vaccination
we detected low levels of IgA in all immunized groups
(Figure 2A) and IgG in A1, A2, and B3 (none in B4) with the level
in the A1 group being significantly higher (Figure 2B). 21 days
after infection we detected low levels of IgA antibodies in A2,
B3, B4, and control group (C5) and low levels of IgG antibodies
in all immunized groups (none in C5). Local antibodies were
detected in the saliva of the A1 group in low concentrations
14 and 21 days after the second vaccination and in all groups
after infection with variability in individual intervals and with no
statistically significant between-group difference (Figure 2C). In
the feces, local antibodies (IgA) were detected from 1 week after
the second immunization dose in groups A1 and A2, and from 1
week after MLV immunization in groups B3 and B4 (Figure 2D)
Increased levels of antibody were detected in all groups including
control after infection with no statistically significant between-
group difference.

Cell Mediated Immune Response
A positive cell-mediated response after lymphocyte stimulation
with specific antigen in vitro (stimulation index in LTT above
3) was observed in the B4 group after 7 and 21 days post
vaccination and 7 and 21 days post-infection (Figure 3). A
positive stimulation index was detected in the B3 group at 7 days
post vaccination only as a non-specific basal stimulation occurred
from 21 days post vaccination in this group (Figure 3A).

Groups immunized with inactivated vaccines A1 and A2
showed a marked non-specific stimulation of cells even without
using antigen (Figure 3A) and, therefore, it was impossible to
demonstrate the effect of antigen addition and thus cell-mediated
immune response.

Cell-mediated immune response after challenge infection
was positive in all vaccinated groups and in the control
group after 21 days post infection, using ELISpot in PBMC
from bronchoalveolar lavages. The results were recalculated to
the number of CD3+ lymphocytes. The differences between
individual animals, but no significant differences between groups
were detected (Figure 3D).

We detected IFN-γ producing lymphocytes after PRRS
antigen stimulation. The most marked differences from control
were found in CD4−CD8+ and CD4+CD8+ (and partly also in
CD3−8+ and γδ

+8+) subsets of all immunized groups 7 days
after infection.

Virus Load and Clinical Signs
In the groups vaccinated with live vaccines (B3 and B4), the
virus load was demonstrated in serum and saliva from day
3 after immunization, in BALF 14 days after immunization
(the only time point when the lavage was taken), and in feces
occasionally 7 days after vaccination, then in all piglets 14 days
after immunization (data not shown).

No clinical signs were observed in piglets after infection.
Elevated body temperature was occasionally found in the first 2
days, independent of the experimental group.

However, viral shedding was noted, with between-group
differences. The virus appeared in serum, saliva, and feces in
all groups including the control group 3 days after infection
(Figures 4A,B,D). The virus was detected in BALF 21 days
after infection in A1, A2, and C5 groups (Figure 4C). Virus
shedding was decreased in immunized groups 14 and 21 days
after infection with the level in the A1 and B3 group being
significantly lower compared to control group 21 days after
infection. Negative samples appeared 21 days after infection in
saliva (in B3 group) and in feces (B3 and B4 groups).

DISCUSSION

The goals of our study were (1) to establish comprehensive
immune response characteristics using several methodological
approaches andmonitor the dynamics in different compartments
and in a time-dependent manner after vaccination and the
challenging infection and (2) to compare the immune response
to different killed and modified live vaccines against PRRS using
these methodological tools. In order to compare the immune
response after vaccination with different vaccines, we used a
model of vaccinations of young piglets (beginning at 8 weeks of
age) and given vaccination intervals and subsequent infections,
regardless of the fact that manufacturers’ recommendations were
different (especially in Progressis).

There are only a few papers published providing a
comprehensive picture of immune response after vaccination
against PRRSV (40–43) because the majority of the existing
studies are based mainly on the evaluation of the vaccination
effectiveness by monitoring the immune responses found
in the blood (5, 30, 33, 44–46). Our results show that
antibodies after immunization and infection, and the virus after
infection, can be detected in all the monitored compartments
(blood, respiratory tract, intestine). By repeated sampling and
simultaneous monitoring of the antibody and cell-mediated
immunity and virus shedding systematically and locally, we
have managed to get comprehensive information about the
dynamics of the immune response after vaccination or PRRS
virus infection.

In practical diagnostics of field samples is an effort to
seek simple approaches to obtain tentative information on the
epidemiological situation of the herd. One current trend is the
monitoring of antibody levels and shedding of the virus in the
oral fluid (41–43). In our experiment, the antibody detection
rate in the oral fluid collected with ropes in pens was sufficient.
The levels of antibodies detected after vaccination were low,
but they increased after challenge infection. These findings
confirms the possibility of using this approach for preliminary
characteristics in the herd. It was interesting to observe the
dynamics of antibody levels and viral shedding in feces too. This
is an approach which is not often used for PRRSV infection
monitoring but is used in other situations where feces samples
are more readily available than samples from other sources (47,
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FIGURE 2 | Levels of antibodies in different compartments. Levels of antibodies were measured in oral fluids (A), fluid from bronchoalveolar lavages (B–IgG, C–IgA),

and feces (D–IgA) with home-made ELISA. *statistically significant difference (p < 0.05) from control group.

48). We were wondering, among other things, to what extent
infections occurring systemically, or locally in the respiratory
tract occur in this remote compartment. Our findings show that
fecal samples can also be used for PRRSV infection monitoring.
Detection of both the viruses and antibodies is not entirely
consistent, because they appear in individual animals, and cease
at later intervals, therefore, it is necessary to consider these
findings as approximate. They can be used for herd- or pen- level
testing, but not for establishing a diagnosis in individual animals.

It appeared to be technically difficult to demonstrate specific
cell-mediated immunity. The partial results were provided by
each of the three methods used and a comprehensive picture
could be obtained by compiling this information. Therefore,
it was not possible to use only data of IFN-γ production in
ELISpot, although it is currently the most commonly used
method for CMI (5, 29, 37, 38, 49, 50). A positive cell-mediated
response after lymphocyte stimulation with specific antigen
in vitro (in lymphocyte transformation test) was observed in
MLV groups and especially in the B4 group as a non-specific
basal stimulation occurred from 21 days post-vaccination in B3
group. The strong non-specific stimulation of PBMC without
specific antigen were detected in groups A1 and A2 immunized

with inactive types of vaccine. This non-specific stimulation
of cells in vivo masks the overall picture, and thus specific
cell-mediated immunity cannot be demonstrated. This effect is
attributed to the use of strong adjuvants in inactivated types of
vaccines. In the test of IFN-γ production and detection with
ELISpot, which is very often used to identify CMI both in
experimental studies (5, 37), and in the field (49, 50), we have
shown an increase in both blood and cells acquired by lavage,
but the individual variability among the animals was too high
and, consequently, there were no differences found between
the groups under study. We detected also IFN-γ producing
lymphocytes after PRRS antigen stimulation in all immunized
groups 7 days after infection. The most marked differences from
control were found in CD4−CD8+ and CD4+CD8+ (and partly
also in CD3−CD8+ and γδ

+CD8+) subsets of lymphocytes. The
CD4−CD8+ subpopulation belongs to cytotoxic groups of cells,
CD4+CD8+ is considered a group of Th1 memory cells (51).
In another study the expression of cytotoxic CD4+CD8+ and
CD4+CD8− was described which help to recover from PRRS
infection (52).

There were qualitative and quantitative differences in the
immune responses to the inactivated vaccines and to MLV ones.
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FIGURE 3 | Cell mediated immunity. The activity of blood lymphocytes was measured in the lymphoblast transformation test (LTT) using 5-day cultivation of cells. (A)

Control, activity of non-stimulated cells. (B) Activity of cells stimulated with PRRSV antigen. The activities were measured after adding 3H-thymidine and counted as

counts per minute (CPM) in a beta-counter. (C) Ratio the ratio of stimulated to non-stimulated cells (stimulating index—SI). (D) ELISPOT. The number of IFN-γ

producing cells was calculated in cells from bronchoalveolar lavage fluid (BALF) on D63, i.e. 21 days after the challenge infection. The results were recalculated to the

number of CD3+ lymphocytes.

After immunization with the inactivated vaccine (especially A1—
Progressis), high levels of antibodies were produced generally
(serum), which were mostly of the IgM, and IgG isotypes, and
also locally (saliva, BALF), both IgG and IgA. Nevertheless it
should be noted that we have applied Progressis to piglets in our
study, while the manufacturers declare the use of this vaccine
for gilts and sows. Cell-mediated immunity was detected only
after infection, high non-specific cell stimulation was detected
after vaccination and therefore any specific response could not
be demonstrated in these intervals. The antigen specific cell
mediated immunity after inactivated vaccine is rarely described
(50). Most work describes low or no CMI after vaccination with
inactivated vaccine.

After immunization with MLV vaccines, sufficient levels
of antibodies in serum and BALF (IgG) were also produced,
but lower than after the inactivated vaccine administration.
The levels of IgA antibodies in BALF were comparable
but low. Low levels of virus neutralization antibodies after
vaccination can be explained by a short interval between
vaccination and infection, since neutralizing antibodies

after vaccination or PRRS infection occur within 28
days (42).

The dynamics of virus shedding after vaccination and
infection is often used formonitoring vaccine efficacy (30, 40, 49).
The decrease in virus secretion was observed 14 days after MLV
immunization and disappearance in 28 days (42). In another
study the excretion of virus was described still for 21 days
after vaccination with for Porcilis or Amervac vaccine (53).
Demonstration of cell-mediated immunity and reduction in viral
load correlate with studies by other authors and support the
preferred use of MLV vaccines in the control of PRRS infection
(29, 46).

The question is to what extent these results are influenced
by the composition of vaccines from different manufacturers
and to what extent different types of vaccines (inactivated vs.
live attenuated). There was an obvious difference in the quality
between the inactivated vaccines, whereas the character of the
immune response to both MLV vaccines was similar with only
partial differences in the time-related response dynamics. The
vaccine B3 (Amervac) showed a more pronounced decrease
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FIGURE 4 | Viral load in different compartments. Groups of 5 piglets were immunized i.m with inactivated vaccine A1 (Progressis) or A2 (Suivac PRRS-In) at intervals

D0 and D21. Groups of 5 piglets were immunized i.m with modified live vaccine B3 (Amervac PRRS) or B4 (Porcilis PRRS) at interval D21. All animals were infected

with a challenge virus on D42, including the group of control non-immunized piglets (C5). Viral load was measured by quantitative real-time-PCR. (A) Viral load in sera,

(B) oral fluids, (C) fluid from bronchoalveolar lavages, and (D) feces. *statistically significant difference (p < 0.05) from control group.

in virus secretion and a tendency to induce sterile immunity,
while B4 (Porcilis) vaccine had a more pronounced of CMI in
lymphocyte transformation test. It should be noted that the strain
used in Porcilis had a higher genetic link with the Lelystad strain
compared to the strain of Amervac (54, 55) which, however,
probably did not significantly affect the above characteristics.

Despite the fact that many studies focused on PRRS

immunoprophylaxis have already been published and many
procedures are implemented in the agricultural industry, a
universal model does not yet exist (46–60). The use of live
attenuated vaccines is generally preferred as was also confirmed
in our field study (61). In this study, we controlled the infection
by a repeated blanket immunization withMLV vaccine (Porcilis),
followed by targeted immunization of gilts, and sows. The success
of the strategy selected and evidence of virus eradication from the
given herd were demonstrated by introducing sentinel animals
into a fattening herd. Based on this result, we believe that
control programs can be adopted even in herds with continual
throughput housing without interrupting production. However,

in this case, vaccination is only one of the necessary preconditions
and the introduction of very strict principles of good biosecurity
is of no less importance.
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Pork has become the number one meat consumed worldwide. Meeting the demand

for pork has forced the revolution of swine production from traditional husbandry

practices that involved a few pigs or small herds to intensive concentration of swine

raised in multisite production systems. This dramatic change has made the production

of pork very efficient, but it has also changed the ecology of many swine diseases,

may encourage the emergence of new diseases, and amplifies the economic impact

of swine diseases. Sustained treatment of diseases in livestock production is not

feasible making prevention of disease a priority. Prevention of livestock diseases involves

eliminating exposure to pathogens and anti-viral strategies to prevent or reduce clinical

disease. For some swine diseases, efficacious vaccines can be made, however, for other

diseases the host/pathogen relationship is more complex and efficacious vaccines are

not available. Given the increasing demand for pork, the development of new approaches

to improve swine anti-viral immunity is critical. Rate-limiting steps to improving vaccines

are understanding how the pathogen interacts with the host’s immune system, any

immunopathology resulting from such interactions and how the host’s immune system

resolves the infection. Solving this puzzle will require sustained research and may

require new technologies to battle contemporary diseases now wreaking havoc in swine

production systems around the world. This Special Issue will focus on current swine viral

diseases that are the most challenging to the global production of pork with contributions

focusing on anti-viral immunity.

Keywords: swine, virus, disease, immunology, vaccine

The quest for food is primal, and for most of mankind’s existence, a daily struggle for all. About
15,000 years ago agriculture began to develop with the cultivation of crops and domestication
of animals. This lessened the daily burden of searching for food and began providing time for
creativity which has led to unimaginable technologic achievements, and to exponential growth in
the human population. Despite all contemporary technology, the stability of our food supply is
still vulnerable to many challenges that have existed since the beginning of agriculture, and to new
ones that are associated with modern agriculture practices that produce massive amounts of food.
Although, there are many challenges to meeting our absolute need for food, this review focuses on
just one aspect of modern agriculture, the production of pork.

In the twenty first century, agriculture reflects a broad spectrum from subsistence farming
to single-commodity production systems producing meat, milk, grains, fruits, and vegetables on
an unprecedented scale. The increasingly efficient production of pork has made it more readily
available and it has become the number one meat consumed worldwide (1). Meeting the demand
for pork has forced the evolution of swine production from traditional inefficient husbandry
practices involving a few pigs or small herds to an intensive concentration of swine that is divided
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into stages of production housed at different sites often far apart.
This dramatic change has made the production of pork very
efficient, but it has also changed the ecology of many swine
diseases. Moreover, this style of production may encourage the
emergence of new diseases, and amplifies their economic impact.

Control strategies for swine diseases are driven by the
economic impact of the respective disease and the diseases can be
divided into two broad categories: those that warrant interdiction
and those that do not. There are many swine viruses that have
been infrequently associated with disease; sometimes one or
just a few animals are affected, other times the disease may
spontaneously reach a high incidence in the herd, and then
just as quickly, it dissipates. In general, these viruses can be
economically insignificant to a regional or national swine herd
and will not be further discussed. However, this group of viruses
is still important since the reasons for when a sporadic viral
disease might flare up in a herd, and then “burn out,” are poorly
understood. It is still prudent to investigate the epidemiology
of these “insignificant” viruses since they might 1 day become
significant. Swine viruses causing, or that potentially could cause,
significant economic disease in a herd are similar around the
world and these viruses are the focus of this Special Topics
review (Table 1). For a more comprehensive review of swine viral
diseases, the reader is encouraged to read Diseases of Swine, 11th
edition (2) and Porcine Viruses: From Pathogenesis to Strategies for
Control (3). General information from these books about specific
diseases is used extensively throughout this manuscript, and will
not be cited repetitively.

Successful pork production is dependent upon many variables
of which animal health may be the most volatile. For example,
just one biosecurity mistake in protocols designed to mitigate
herd health risks can produce long-term health consequences for
the herd and financial ruin for the producer. An economic loss
of this nature for one producer can be exponentially amplified if
such a mistake would cause a country to lose its export market.
For example, about 25% of the US pork produced each year is
exported making the US swine industry quite vulnerable since
any pandemic of local or foreign origin could induce a ban on
the importation of US pork for fear of transmitting the disease.
Following the emergence of the 2009 influenza pandemic, such a
ban or threat of a ban was enacted by more than 27 countries that
produced an immediate loss of market. Although, it only took a
few months to refute the ban, the industry still lost an estimated
1.5 billion dollars (4).

Vaccines can increase the resistance of an animal to infection
making them an increasingly important tool in the health
management of swine herds. Although, many vaccines are
efficacious, continual pathogen mutation and the emergence of
new virus threats drives a constant need for new and improved
vaccines. Not surprisingly, many of the significant-economic-
disease viruses are viruses for which there are no vaccine, or the
current vaccine has limited efficacy. Any solution to the current
swine vaccine problem will involve a better understanding
of the pig’s immune response to these pathogens with the
hope of applying this knowledge toward the development and
improvement of vaccines, and other more rapid responses to new
diseases in the future.

TABLE 1 | Swine viral pathogens of economic or zoonotic importance.

Virusa Economicb Vaccinec Zoonoticd

ASFV ++++ No –

FMDV ++++ Yes –

CSFV +++ Yes –

ADV ++ Yes –

PRRSV ++++ Yes –

IVA-S ++ Yes +++

PCV2 + Yes –

PEDV + Yes –

SVA + No –

JEV + Yes ++

HEV + No ++

Nipah virus + No +++

EMCV + No +

Menangle virus + No +

VSV + No +

VESV + No +

aASFV, African swine fever virus; FMDV, foot and mouth disease virus; CSFV, classical

swine fever virus; ADV, Aujeszky’s disease virus; PRRSV, porcine reproductive and

respiratory syndrome virus; IVA-S, influenza virus A- swine; PCV2, porcine circovirus type

2; PEDV, porcine epidemic diarrhea virus; SVA, Senecavirus A; JEV, Japanese encephalitis

virus; HEV, Hepatitis E virus; EMCV, encephalomyocarditis virus; VSV, Vesicular stomatitis

virus; VESV, Vesicular exanthema of swine virus.
bEconomic impact ranging from + (infrequent/mild) to ++++ (frequent/severe).
cVaccine available to aid in control and prevention: yes or no.
dZoonotic potential ranging from + (infrequent/mild) to ++++ (frequent/severe).

Porcine reproductive and respiratory syndrome virus
(PRRSV), a previously unknown swine virus, emerged in the
late 1980s and spread around the world within a few years
becoming the first of several swine pandemics that would occur
over the next 30 years. PRRSV quickly became the number one
health problem in major swine producing countries because it
is able to affect all stages of production, is highly infectious, has
a prolonged shedding duration, and perhaps most importantly,
is able to dysregulate the pig’s immune response. The economic
impact of this virus is substantial, e.g., in 2013 PRRSV was
estimated to cost just the US swine industry alone 660M a
year (5). A number of inactivated and attenuated vaccines are
available in most countries with attenuated vaccines reported as
superior to inactivated virus vaccines, suggesting the importance
of the mucosal response for clinical protection. Despite being
derived from various field viruses, attenuated virus vaccines
are able to induce homologous protection, but only variable
heterologous protection (6). The nature of this sometimes poor
cross-protection is not understood and is a major obstacle to
improving PRRSV vaccines.

Foot and mouth disease virus (FMDV) is a highly infectious
virus that affects cloven-hooved animals causing vesicular lesions
involving the feet and oral cavity resulting in a crippling
disease and loss of production to the extent that this virus
is the most important disease concern for livestock producers
around the world. Once FMDV has been eradicated from a
country, substantial resources are committed to keeping the
country FMDV-free that include the regulated movement of
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livestock, substantial diagnostic testing, and the quest for safe
and efficacious vaccines. Similar to PRRSV, FMDV vaccines are
available, however, they are serotype specific and lack cross-
protection among the 7 FMDV serotypes (7). Moreover, there
can be variation within a subtype to a degree where the subtype-
specific vaccine may not provide adequate protection. Although,
a properly matched subtype vaccine can be used in control and
eradication programs, it is prohibitively expensive to maintain a
vaccine bank for all potential serotypes. There is a dramatic need
for more cross-protective FMDV vaccines to help resolve FMDV
epidemics when they occur, and maintain FMDV-free countries.

The control of influenza A viruses in swine (IAV-S)
exemplifies the challenges of passively acquired maternal
immunity in modern swine production. In the late 1990s, a
novel IAV-S H3 subtype was first detected in the United States,
and similar to the then endemic North American H1 subtype,
the new virus caused respiratory disease in fattening hogs and
sows (8). In response to this new H3 subtype lineage, specific
inactivated vaccines were produced and combined with H1
vaccines to form new polyvalent vaccines that were efficacious
in naïve older swine when administered prior to the onset of
disease. However, as the intensification of swine production
expanded, the ecology of IAV-S began to change with younger
pigs becoming clinically affected which supported strategies
to immunize the sows to provide passive immunity to their
piglets. This was helpful, but the practice also jeopardized
the ability to vaccinate young pigs to protect them against
disease in later stages of production illustrating the passive
immunity conundrum when using inactivated vaccines given
intramuscularly to young pigs. Recently, an attenuated IAV-
S vaccine has been released for sale in the US that is given
intranasally to neonatal pigs to circumvent passively acquired
immunity. It is reported to provide protection to young pigs and
induce a broader protective immune response when compared to
inactivated vaccines given intramuscularly (9).

IAV-S is a swine virus with zoonotic potential (Table 1). It
is ubiquitous in swine producing regions around the world,
and with variable frequency, swine-to-human transmission does
occur. Fortunately, most transmission events are limited in
scope of disease and subsequent human-to-human transmission.
However, the 2009 influenza pandemic is a stark reminder
of the potential for influenza viruses to jump species and
become a pandemic. Reverse zoonosis, IAV transmission from
people to swine, is being detected with similar frequency. This
phenomenon is an important mechanism for transferring human
viruses into swine where the virus can adapt to swine and be
maintained as a potential reservoir of human-like IAV that could
jump back to humans. Other zoonotic swine viruses are more
regional in distribution and usually are not considered to cause
significant economic loss. Crossover events with these viruses are
much less frequent when compared to IAV-S; however, they can
have a higher case fatality rate in people (Japanese encephalitis
virus, Hepatitis E virus). Most zoonotic swine virus crossover
events are very rare and typically cause minimal human disease,
however, in 1998, Nipah virus, a previously unknown virus,
emerged in swine in Malaysia. It caused a respiratory infection
with high morbidity in all ages of swine on several farms. Sick
pigs transmitted the virus to farm workers causing a severe illness

with a Case Fatality Rate of about 40% in the initial outbreak
(10). The disease was eradicated from the affected farms within
months, and with the discovery that bats were the reservoir for
this virus, precautions could be taken to prevent future infections
which have been successful to date.

In 2013, porcine epidemic diarrhea virus (PEDV), one of
the swine enteric coronaviruses that causes severe diarrhea in
neonatal pigs, was discovered in the Western Hemisphere for
the first time. Within 6 months of entry into the US, the virus
had spread through all swine dense regions killing about 10%
of the pig crop that year. Although, swine can mount a rapid
protective immune response to PEDV, young pigs are unable to
survive the disease long enough to develop a protective response
which makes protecting young pigs the most important step to
controlling this disease. The only option to protect the pigs is
to provide passive maternal immunity to the suckling pig via
colostrum/milk, a strategy that can work but is dependent on
the sow having adequate exposure to PEDV to induce mucosal
immunity. Although, wild-type PEDV might induce the best
lactogenic and colostral immunity for the piglet, immunizing
the sow herd with wild-type PEDV has serious safety concerns
demonstrating the need for improved PEDV vaccines.

Beginning in late 2014 and into 2015, there were outbreaks
of idiopathic vesicular disease in Brazil followed by similar
outbreaks in the United States. Disease was most often
recognized in market-weight swine and sows, and samples
from these cases tested positive for Senecavirus A (SVA).
Subsequently, the virus has also been identified in Canada,
China, Colombia, and Thailand (11). Although, the clinical
disease is mild in most animals, and the incidence is low
when compared to most economically important swine diseases,
vesicular lesions from SVA infection are indistinguishable from
FMDV infection. Foot and mouth disease is the number one
disease concern for livestock producers around the world which
makes understanding the pathogenesis and immunology of
any virus that may confound FMDV diagnostic investigations
important. Recent SVA studies have demonstrated fulfillment
of Koch’s postulates, documented pathogenesis, and shown
that contemporary isolates are closely related. Sterile protective
immunity was demonstrated in piglets exposed to wild-type
SVA and then challenged with the same isolate 7 weeks later
(12). This preliminary research indicates pigs can develop a
protective immune response and there is potential for the use
of vaccines. There are still many questions about the ecology
and epidemiology of this virus including (1) why these “mini-
epidemics” occurred in different countries with similar viruses
(over 94% nucleotide identity among contemporary isolates), (2)
the apparent seasonality to the clinical expression of the disease,
(3) prevalence of the virus, and (4) field reports suggest there may
be a long-term or persistent infection with the potential for acute
recrudescence of clinical disease post transport/stress.

The economic loss from the introduction of a foreign animal
disease is multidimensional ranging from the acute direct losses
to livestock producers to a chronic loss of production that can
diminish an entire industry for extended periods of time, and
perhaps permanently. In addition, the increased costs of food
and reduced availability of once common products can lead to
social instability. In 2018, African Swine Fever virus (ASFV)
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emerged for the first time in China, the largest producer of
pork in the world accounting for over 50% of all production.
African Swine Fever was first described in Africa in 1921
causing a fulminating disease in domestic swine (13). Wild
swine found outside the continent of Africa are also quite
susceptible, but in the African continent wild swine have co-
evolved with ASFV developing some tolerance to the virus.
Since its discovery, there have been sporadic regional epidemics
in countries outside of Africa and only through heroic efforts
could the virus be eradicated. In 2007, an ASFV epidemic
began in Georgia in the Caucasus region that slowly, but
steadily spread into Russia and then Europe (14). Although,
the Chinese transmission event is unknown, this same lineage
of virus jumped to China in mid-2018 and within 6 months
had spread to all swine producing regions (15). The ASFV
state-of-the-art control strategy is to depopulate the affected
herd, and all pigs in potential contact with it. This strategy
can be devastating in current production systems as occurred
in Romania in August of 2018 when over 140,000 pigs were
euthanized in an attempt to stop the spread of ASFV in that
region (16). Currently, there is no vaccine for use in the control
and prevention of ASFV which makes research in this area a top
priority as the virus is now spreading in countries contiguous
with China. An ASFV-positive status in just one pig (domestic
or wild), immediately restricts the movement of domestic pigs
and pork products within and from that country. Depending
on regulatory infrastructure, some countries that have only had
ASFV-infection in wild swine may have some export restrictions
reduced, but the economic impact on disrupted markets is still

substantial. The ASFV-pig interaction is very complicated and
despite extensive research, the correlates of protection are poorly
defined and current technology is inadequate to produce a safe
and efficacious vaccine.

The constant need for more food in the world requires
each agriculture commodity to be more efficiently produced
which includes a perpetual battle against disease in crops and
livestock. In the case of swine, the continual evolution of viruses
requires sustained research into the basic immunology against
these pathogens to provide new mechanistic insights into how
pigs, and perhaps other species, respond to pathogens and
enable the production of safer and more efficacious vaccines
and anti-viral approaches. This knowledge may enable the
application of novel technologies that could modulate the pig’s
immune response in the fight against disease, and ensure the
availability of safe and wholesome pork around the globe.
In response to the title, it is VERY important to study viral
immunity in swine as well as livestock and poultry because more
efficient production of meat protein is essential to the quest
for more food.
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Senecavirus A (SVA) is an emerging picornavirus causing vesicular disease (VD) clinically

indistinguishable from foot-and-mouth disease (FMD) in pigs. Currently there are no

vaccines currently available for SVA. Here we developed a recombinant SVA strain

(rSVAm SacII) using reverse genetics and assessed its immunogenicity and protective

efficacy in pigs. In vivo characterization of the rSVAm SacII strain demonstrated that

the virus is attenuated, as evidenced by absence of lesions, decreased viremia and

virus shedding in inoculated animals. Notably, while attenuated, rSVA mSacII virus

retained its immunogenicity as high neutralizing antibody (NA) responses were detected

in inoculated animals. To assess the immunogenicity and protective efficacy of rSVA

mSacII, 4-week-old piglets were sham-immunized or immunized with inactivated or live

rSVA mSacII virus-based formulations. A single immunization with live rSVA mSacII virus

via the intramuscular (IM) and intranasal (IN) routes resulted in robust NA responses

with antibodies being detected between days 3–7 pi. Neutralizing antibody responses

in animals immunized with the inactivated virus via the IM route were delayed and only

detected after a booster on day 21 pi. Immunization with live virus resulted in recall T cell

proliferation (CD4+, CD8+, and CD4+/CD8+ T cells), demonstrating efficient stimulation

of cellular immunity. Notably, a single dose of the live attenuated vaccine candidate

resulted in protection against heterologous SVA challenge, as demonstrated by absence

of overt disease and reduced viremia, virus shedding and viral load in tissues. The

live attenuated vaccine candidate developed here represents a promising alternative to

prevent and control SVA in swine.
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INTRODUCTION

Senecavirus A (SVA) is a vesicular disease (VD)-causing
pathogen of pigs and the only species of the genus Senecavirus
in the family Picornaviridae (1). SVA is a non-enveloped,
icosahedral virus with a single-stranded positive sense RNA
genome with ∼7.2 kb. The SVA genome encodes a unique open
reading frame (ORF), which is proteolytically processed in four
structural proteins (VP1-VP4) and eight non-structural proteins
(L, 2A−2B−2C−3A−3B−3C−3D) (2). The virus genome is
organized in a central coding region (ORF1) flanked by 5′- and
3′-untranslated regions (UTRs) and a poly(A) tail following the
3′-UTR (2).

Senecavirus A was first identified as a contaminant of
human fetal retinal cells (PER.C6) in the US in 2002 (3).
Retrospective sequencing of archived picorna-like viruses at the
United States Department of Agriculture National Veterinary
Service Laboratories (NVSL), revealed the circulation of SVA
in the US swine population since at least 1988 (3). Since its
first description in 2002, SVA has been explored as an oncolytic
agent for cancer treatment in humans (4–6). Recently the virus
gained importance in the veterinary field due to the increased
incidence of SVA-induced VD in pigs. Since 2014, SVA has
been associated with VD outbreaks in swine in Canada (7),
the US (2, 8–10), Brazil (9, 11, 12), Colombia (13), China
(14), Thailand (15), and Vietnam (16). Pigs are thought to
be the main reservoir for SVA; however, the virus has been
also isolated from mice, and its nucleic acid has been detected
in houseflies collected in SVA affected and non-affected farms
(9). Additionally, neutralizing antibodies against SVA have been
detected in pigs, cattle and mice (3). The importance of these
species for the epidemiology of SVA, however, remains unknown.
The protein Anthrax Toxin Receptor 1 (ANTXR1) has been
identified as a potential receptor for SVA and shown to interact
with the virus capsid during infection of humanH446 cancer cells
(17), however, the contribution of this molecule to SVA infection
in swine await experimental confirmation.

The clinical relevance of SVA, lies on its similarity with other
high-consequence VDs of swine, including FMD, swine vesicular
disease (SVD), vesicular stomatitis (VS) and vesicular exanthema
of swine (VES) (12). Infection with SVA likely occurs via the oral
and/or respiratory routes and after an incubation period of 3–5
days, clinical signs including lethargy and lameness are observed.
The clinical signs are followed by development of vesicles on the
snout and/or feet (dewclaw, interdigital space coronary band and
sole) of affected animals (18). The lesions are characterized by
cutaneous hyperemia which progresses into fluid-filled vesicles.
As the disease progresses, the vesicles rupture and evolve into
skin erosions that eventually scab and resolve within 12–16
days post-infection (pi) (18–20). A short-term viremia (1–10
days post-infection, pi) occurs in infected animals and the levels
of viremia decline as serum neutralizing antibody (NA) levels
rise (19).

The immune responses to SVA are characterized by the
development of early and robust NA titers (18, 19, 21), which are
strongly correlated with VP2- and VP3-specific IgM responses
within the first week of infection (19). Notably, NA levels

parallel with decreased viremia and resolution of the disease
(19). Analysis of the major porcine T cell subsets revealed that
during the acute/clinical phase of SVA infection (14 days pi)
T cell responses are characterized by an increased frequency of
αβ T cells, especially CD4+ T cells that are initially detected by
day 7 pi and increase in frequency until day 14 pi. Additionally,
the frequency of CD8+ and double-positive CD4+CD8+ T cells
(effector/memory T cells) expressing IFN-γ or proliferating in
response to recall SVA stimulation increases after day 10 pi
(19). These observations indicate that SVA elicits B and T cell
activation early upon infection, with IgM antibody levels being
associated with early neutralizing activity against the virus and
peak B and T-cell responses paralleling with clinical resolution
of the disease, suggesting that both arms of the immune system
may contribute to the control of SVA infection. Importantly,
there is only one known serotype of SVA (2, 22) and genetically
diverse viral strains present cross neutralizing- and cross T-cell
responses (22).

Currently there are no vaccines available for SVA. A recent
study assessed the immunogenicity of an inactivated SVA vaccine
candidate, demonstrating protection against homologous virus
challenge (23). The most effective picornavirus vaccines consist
of inactivated or live attenuated vaccines. Most vaccines used
for FMDV, for example, are inactivated; however, they fail to
induce long-term protection requiring annual re-vaccinations
(24). Poliovirus (PV) vaccines long used in humans, leading to
the eradication of wild type poliovirus, were either inactivated
poliovirus vaccine (IPV) or live oral poliovirus vaccine (OPV).
The live OPV induces long-lasting mucosal immunity against
PV. In this study we generated a recombinant attenuated SVA
strain based on a contemporary SVA isolate (18) and assessed
the immunogenicity and protective efficacy of inactivated or live
virus formulations against heterologous SVA challenge.

MATERIALS AND METHODS

Viruses and Cells
H1299 and BHK-21 cells were obtained from the American Type
Culture Collection (ATCC-CRL 5803 and CCL-10, respectively).
PK-15 cells were obtained from the Virology section at the
Animal Disease Research and Diagnostic Laboratory (ADRDL).
H1299 and PK-15 BHK-21 cells were maintained at 37◦C with
5% CO2 in RPMI-1640 or MEM (Corning, NY), respectively,
supplemented with 10% fetal bovine serum (VWR, Chicago,
IL) and 2mM L-Glutamine (Corning, NY). Penicillin (100
U/mL) and streptomycin (100µg/mL) were also added to
culture media.

SVA strain SD15-26 was isolated from swine presenting
vesicular disease and has been previously characterized (18,
19). The challenge virus, SVA strain MN15-84-22, was isolated
from swine presenting vesicular disease (9). For both wild
type SVA strains, low-passage (passage 4) viral stocks were
amplified and titrated in H1299 cells and used in experiments
described below. Recombinant rSVA mSacII virus was rescued
in BHK-21 and H1299 cells and amplified in PK15 cells as
described below.
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Generation, Rescue, and Amplification of
rSVA mSacII Virus
An infectious virulent cDNA clone of SVA strain SD15-26
(pBrick-FLSVA-SD15-26) containing the full length SVA genome
under control of a T7 RNA polymerase promoter was recently
developed in our laboratory (Fernandes et al., unpublished data).
The pBrickA-FLSVA-SD15-26 was constructed using a strategy
combining: i. synthesis of cDNA fragments corresponding to the
5′- and 3′ ends of the SVA genome and ii. PCR amplification of
the central region of the SVA genome, followed by restriction
digestion and cloning. The clone was used as a backbone to
construct the rSVA mSacII virus here. In the rSVA mSacII
clone, four nucleotide changes were introduced in the virus
genome. Three of those changes are in the 5′UTR (c→t,
positions 29, 31 and 32) and the fourth change consists of a
silent nucleotide change (c→a) at position 942 (VP4 coding
region) of the rSVA genome (added to delete a SacII restriction
endonuclease site). A synthetic DNA fragment (GenScript)
containing these specific nucleotide changes was cloned into
the backbone of the rSVA plasmid (virus described above;
pBrick-FLSVA-SD15-26) using unique restriction endonucleases
(NheI and SfiI) and standard cloning techniques. The resultant
recombinant SacII mutant clone (pBRICK-rSVA mSacII) was
amplified in Stable 2 cells (Life Technologies) and the purified
plasmid DNA was linearized with NotI-HF (NEB) restriction
enzyme, which digests the cDNA clone after the poly A tail.
The linear pBRICK-rSVA mSacII DNA was used as template
in in vitro transcription reactions using the MEGAscriptTM

T7 Transcription Kit (ThermoFisher Scientific) following the
manufacturer’s instructions. Full-length viral genomic RNA
was purified using standard phenol:chloroform purification
and ethanol precipitation, and ∼1 µg of viral RNA was
transfected in BHK-21 cells using LipofectamineTM RNAiMAX
transfection reagent (ThermoFisher Scientific) according to the
manufacturer’s instructions. At 48 h post-transfection cells were
subjected to three freeze-and-thaw cycles and the virus passaged
two more times in H1299 cells. When cytopathic effect was
observed, cells were fixed and rescue of rSVA mSacII virus
was confirmed by immunofluorescence (IFA) using a rabbit
polyclonal antibody against SVA.

The identity of the rSVA mSacII virus was confirmed by
RT-PCR amplification of a fragment in the 5′ end of the SVA
genome (primers sequences available upon request) followed
by SacII restriction digestion of the PCR amplicon. Restriction
digestion reactions were analyzed by agarose gel electrophoresis
and the identity of rSVA mSacII was determined by lack
of SacII digestion in the rSVA mSacII virus PCR amplicon.
A PCR amplicon of wt rSVA SD15-26 was used as control.
Additionally, complete genome sequencing of rSVAmSacII virus
was used to confirm the identity and integrity of the virus
genome using the Illumina MiSeq sequencing platform (18).
Stocks of rSVA mSacII (p. 4) were produced in PK15 cells.
Semi-confluent monolayers of PK15 cells were inoculated with
a low MOI (∼0.1) of rSVA mSacII and incubated at 37◦C
for 72 h until complete SVA CPE was observed in inoculated
monolayers. Cells were subjected to three freeze-and-thaw cycles

and virus stocks were cleared by centrifugation, aliquoted
(1ml), and stored at −80◦C until used in the experiments
described below.

Growth Curves
Replication kinetics of wt SVA SD15-26 and rSVA mSacII were
assessed in vitro. H1299 cells were cultured in six-well plates,
infected with both viruses at a multiplicity of infection (MOI) of
0.1 (multi-step growth curve) or 10 (single-step growth curve),
and harvested at various time points post-infection (2, 4, 8, 12,
and 24 h post-infection). Virus titers were determined using end-
point dilution and the Spearman andKarber’s calculationmethod
and expressed as TCID50/ml.

Western Blots
Western blot was performed to assess protein expression by
the rSVA mSacII virus in comparison with wt SVA virus. For
this, H1299 cells were infected with both viruses at a MOI of
10 and harvested at different time points post-infection (0, 2,
4, 8, 12, and 24 h). Cells were lysed with M-PER mammalian
protein extraction reagent (ThermoFisher Scientific) containing
protease inhibitors. Approximately, 100 µg total protein extracts
were mixed with Laemmli Buffer (Bio-Rad, Hercules, CA)
containing 5% β-mercaptoethanol and denatured at 95◦C for
10min then loaded in 10% SDS-PAGE gel. Electrophoresis was
performed at 90 volts for 90min and proteins were transferred
to nitrocellulose membranes and blocked with 5% skim-milk
in 1 × phosphate-buffered saline (PBS) overnight at 4◦C.
Nitrocellulose membranes were washed three times in 1 ×

PBS containing 0.05% Tween 20 (PBST) and incubated with
anti-VP1 and anti-VP2 mouse monoclonal antibodies (kindly
provided by Dr. Steve Lawson, SDSU) (1:1,000) in 0.05%
PBST for 2 h at RT. Membranes were washed three times
with 0.05% PBST. Secondary IRDye R© 800CW Goat anti-Mouse
IgG (H+L) (LI-COR Biosciences, Lincoln, NE) antibody was
added to the membranes (1:15,000 on 1% skim-milk on 0.05%
PBST) and incubated for 1 h at RT. Membranes were washed
three times with PBST 0.05% and blots developed using a
LI-COR R© Odyssey R© Fc Imaging system (LI-COR Biosciences,
Lincoln, NE).

The antigen load in both inactivated and live rSVA mSacII
vaccine formulations was also assessed by western blots. For this,
20 µL of each vaccine formulation containing the rSVA mSacII
virus suspension at 106 TCID50/mL were mixed with Laemmli
Buffer (Bio-Rad, Hercules, CA) and subjected to SDS-PAGE and
immunoblotting as described above.

Animal Pathogenesis Study
The pathogenicity of the rSVA mSacII virus was investigated in
pigs. For this, twelve 15-week old SVA-negative finishing pigs
weighing ∼60 kg were randomly allocated in two experimental
groups as follows: Group 1, wt SVA SD15-26- inoculated group
(n= 6), and rSVA mSacII-inoculated group (n = 6). Animals
from both groups were inoculated with virus suspensions
containing 108.5 TCID50 via the oronasal route (5mL orally
and 5mL intranasally [half into each nostril]). Animals were
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challenged on arrival at SDSU Animal Resource Wing (ARW).
Animals received food and water ad libitum for the duration of
the 14-day experiment.

Animals were monitored daily after inoculation for
characteristic SVA clinical signs and lesions. Clinical signs
and lesions were recorded, and individual daily lesion scores
were attributed to each animal (22) and total daily scores were
calculated. Swabs (oral, nasal and rectal) and blood samples
(serum and whole heparinized blood) were collected on days
0, 1, 3, 7, 10, and 14 pi. At necropsy on day 14 pi, tissues
including heart, lungs, kidney, liver, small intestine, large
intestine, thymus, spleen, mediastinal lymph node, mesenteric
lymph node, and tonsil were collected and stored at−80◦C.
Animal experiments were revised and approved by the SDSU
Institutional Animal Care and Use Committee (approval
number 16-002A).

Immunization-Challenge Experiment
The immunogenicity and protective efficacy of rSVA mSacII
virus were evaluated in 3-week-old SVA-negative piglets. Animals
were randomly allocated in four experimental groups: control
(G1, received RPMI 1640, IM; n = 6), inactivated (G2, received
BEI-inactivated rSVA mSacII vaccine; n = 6), live IM (G3,
receiving rSVA mSacII by IM route; n = 6) and live IN (G4,
received rSVA mSacII by IN route; n = 6). After a week of
acclimation, animals were immunized with the corresponding
candidate vaccines (2mL) via the immunization routes described
above and presented in Table 1. Inactivation of rSVA mSacII
virus by BEI was performed as previously described (25), and
a water-in-oil-in-water (W/O/W) emulsion was produced by
shear-mixing equal volume of the MONTANIDETM ISA 201
VG oil adjuvant (1mL, Seppic SA, Paris) with BEI inactivated
virus (1mL; 106 TCID50) at 31

◦C using syringes joined by a lure
lock connector as recommended by the adjuvant manufacturer.
The live rSVA mSacII vaccine consisted of 2ml virus suspension
(106 TCID50) in RPMI 1640 medium. Animals in control and
inactivated groups were immunized on day 0 and boosted on day
21 post-primary immunization, whereas animals in the live IM
and live IN groups were immunized with a single vaccine dose
on day 0.

Animals were monitored daily for signs and lesions
throughout the experiment. Oral, nasal, and rectal swabs
were collected on days 0, 3, 7, 14, and 21 pi. Blood was collected
on days 0, 3, 5, 7, 14, 21, 28, and 35 pi. Serum separation and
PBMC isolation were performed as previously described (19).

A heterologous SVA isolate (SVA MN15-84-22; 97% nt
identity with SVA SD15-26) (9) was used as challenge virus and
animals in all groups were challenged on day 42 pi (or day 0
post-challenge; pc). Blood and swabs (oral, nasal, and rectal)
were collected on days 0, 3, 7, 10, and 14 pc and processed
and stored as above. All animals were euthanized on day 14 pc
at the Animal Disease Research and Diagnostic Laboratory
(ADRDL), SDSU. Tissues including tonsil and mediastinal and
mesenteric lymph nodes were collected and stored at −80◦C.
Animal immunization-challenge experiments were reviewed and
approved by the SDSU Institutional Animal Care and Use
Committee (approval number 18-032A).

TABLE 1 | Animal immunization/challenge experimental design.

Group

(n)

Treatment Dose Route Immunization

day

Virus

challengeb

1 (n = 6) Control 2mL RPMI IM 0 and 21 SVA

MN15-84-22

108.5 TCID50

at 42 dpi

2 (n = 6) Inactivated

(BEI) SVAa

106 TCID50

in 2mL

IM 0 and 21

3 (n = 6) Live

attenuated

rSVA

mSacII

106 TCID50

in 2mL

IM 0

4 (n = 6) Live

attenuated

rSVA

mSacII

106 TCID50

in 2mL

IN 0

aAdjuvant: Seppic MontanideTM ISA 201 (1:1).

bAnimals were challenged oronasally with 10mL of virus inoculum (18).

RNA Extraction and Real-Time Reverse
Transcriptase PCR (RT-qPCR)
Nucleic acid was extracted from serum, swabs, and tissue samples
using the Cador R© Pathogen 96 kit (Indical Bioscience) and
the QIAcube R© HT (Qiagen) automated extractor following the
manufacturer’s instructions. Swab samples were vortexed and
cleared by centrifugation (10,000 × g for 5min) and 200 µL of
cleared supernatant was used for nucleic acid extraction. Two
hundred µL of serum were used for nucleic acid extraction.
For tissues, ∼0.5 g of each tissue was minced using sterile
scalpel, re-suspended in RPMI 1640 medium (10% w/v) and
homogenized using a stomacher (2 cycles of 60 s). Homogenized
samples were then centrifuged at 14,000 × g for 2min at
room temperature and 200 µL of cleared supernatant was
used for nucleic acid extraction using automated QIAcube
HT (Qiagen). The presence of SVA RNA in samples was
assessed using the SensiFASTTM Probe LO-ROX One-Step kit
(Bioline-Meridian Bioscience, MA, USA) and custom designed
primers and probe (PrimeTime qPCR probe assays, Integrated
DNA Technologies Inc., USA) targeting the SVA 3D gene.
Primers and probe were designed using the PrimerQuest Tool
(Integrated DNA Technologies Inc., USA). The probe and
primers sequence are 5’-/56-FAM/CAGGAACAC/ZEN/TACT
CGAGAAGCTGCAA/3IABkFQ/-3′, 5′- GAAGCCATGCTCTC
CTACTTC-3′ and 5′- GGGTGCATCAATCTATCATATTCT
TC-3′ respectively. Amplification and detection were performed
with an Applied Biosystems 7500 real time PCR system
under following conditions: 10min at 45◦C for reverse
transcription, 2min at 95◦C for polymerase activation and
40 cycles of 5 s at 95◦C for denaturation and 30 s at
60◦C for annealing and extension. A standard curve was
established by using a SVA SD15-26 virus suspension containing
107.88 TCID50/mL and preparing 10-fold serial dilutions
from 10−1 to 10−10. Relative viral genome copy numbers
were calculated based on the standard curve determined
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using the four- parameter logistic regression model function
within MasterPlex Readerfit 2010 software (Hitachi Software
Engineering America, Ltd., San Francisco, CA). The amount of
viral RNA detected in samples were expressed as log10 (genome
copy number)/mL.

Neutralization Assays
Neutralizing antibody (NA) responses elicited by the
vaccine candidates and post-challenge (pc) infection were
assessed using a virus neutralization assay as previously
described (18, 19). Neutralization assays were performed
using the parental SVA SD15-26 and the challenge
MN15-84-22 virus. NA titers were expressed as log2
(reciprocal of highest serum dilution capable of completely
inhibiting SVA infection). All assays were performed in
triplicate and included positive and negative controls in all
test plates.

PBMC Recall Stimulation and Flow
Cytometry
PBMC recall stimulation was performed as previously described
(19). Briefly, PBMCs were thawed and stained with 2.5µM
carboxyfluorescein succinimidyl ester (CFSE; in PBS) according
to themanufacturer’s instruction (BD Biosciences). CFSE-stained
cells were seeded at a density of 5 × 105 cells/well in 96-
well plates, rested for 4 h and stimulated as follows: UV-
inactivated SVA SD15-26 [multiplicity of infection [MOI] = 2]
and recombinant purified VP2 protein (1µg/mL). Concanavalin
A (ConA; 5µg/mL) plus phytohemagglutinin (PHA; 5µg/mL)
(both from Sigma-Aldrich, St. Louis, MO), or cRPMI alone were
used as positive and negative controls in all assays, respectively.
After stimulation, the cells were incubated for 5 days at 37◦Cwith
5% CO2.

Antigen-specific T-cell responses were assessed by flow
cytometric analysis. T-cell phenotypes were determined using
the various swine-specific antibodies as previously described
(19). Single-stain and fluorescence-minus-one (FMO) controls
were included in all assays. All flow cytometry data were
acquired with an Attune NxT flow cytometer (Thermo
Fisher Scientific) and analyzed using FlowJo v.10 software
(TreeStar, San Carlos, CA). The percentage of responding
cells was calculated as the percentage of total T cells (live
CD3+ cells).

Statistical Analysis
Statistical analysis was performed by analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test.
Normality was checked before performing any tests. To assess the
association of neutralizing antibody titers and/or T-cell responses
between levels of viremia, virus shedding and viral load in tissues,
Spearman rank correlation was used. Statistical analysis and data
visualization were performed using GraphPAD Prism 8.0.1(244)
software (GraphPAD Software Inc., La Jolla, CA).

RESULTS

Generation and in vitro Characterization of
Recombinant SVA
Recently we have developed a cDNA clone for SVA strain SD15-
26 (Fernandes et al., unpublished data), which was used here
to develop a second recombinant SVA, originally designed to
facilitate the differentiation of the rSVA virus from the parental
wt SVA strain. In this clone, we introduced four additional
nucleotide changes in the rSVA genome. Three changes are
located in the 5′UTR (c→ t, positions 29, 31, and 32) and the
fourth change consists of a silent nucleotide change (c→ a) at
position 942 (VP4 coding region) of the rSVA genome (added to
delete a SacII restriction endonuclease site). The identity of the
rSVAmSacII was confirmed by sequencing (data not shown) and
restriction digestion with SacII (Figure 1A) and its replication
properties were compared to the wt SVA virus in vitro. Multi-
step growth curves revealed a lower replication ability of the rSVA
mSacII virus when compared to wt SVA, as evidenced by lower
viral yields in rSVA mSacII infected cells (∼1 log) between 8 and
12 h post-inoculation (P < 0.001) (Figures 1D,E). Additionally,
expression levels of two of the main SVA capsid proteins (VP1
and VP2) were compared between wt SVA and rSVA mSacII
viruses. As shown in Figures 1B,C, the levels of VP1 and VP2
protein detected in rSVA mSacII infected cells were markedly
lower when compared to the levels of those proteins detected in
wt SVA infected cells.

The rSVA mSacII Virus Is Attenuated but
Retains Its Immunogenicity in Pigs
The pathogenicity of the rSVA mSacII virus was compared
to that of the wt SVA strain in pigs. Notably, while all
pigs inoculated with the wt SVA strain SD15-26 presented
characteristic clinical signs (lethargy, lameness) and lesions
(vesicles on the snout and/or foot) of SVA infection, none of the
rSVA mSacII-inoculated animals developed overt clinical disease
(Figures 2A,B).

Viremia, virus shedding (oral and nasal secretions and feces)
and viral load in tissues were also evaluated. Levels of viremia
and virus shedding were significantly lower in rSVA mSacII
-inoculated animals when compared to wt SVA-inoculated
animals (Figures 2C–F). Additionally, viral load in tissues was
reduced in rSVA mSacII-inoculated animals when compared to
wt SVA-inoculated animals (Figure 3A). Notably, NA responses
were similar in rSVA mSacII- and wt SVA-inoculated animals
(Figure 3B), indicating that the attenuated rSVA mSacII virus
retained its immunogenicity in pigs.

Clinical and Virological Findings Following
Immunization With Inactivated or Live rSVA
mSacII Virus
Clinical and virological parameters were evaluated following
immunization of weaned piglets with inactivated or live
attenuated rSVA mSacII virus. Western blot analysis of the
vaccine candidate preparations demonstrated similar antigen
loads for two of the major SVA capsid proteins VP1
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FIGURE 1 | Characterization of the recombinant rSVA mSacII virus in vitro. (A) Restriction digestion with SacII enzyme of PCR amplicon of the P1 region of SVA

genome. Agarose gel image shows digestion of P1-amplicon in wt SVA SD15-26 but not in rSVA mSacII. Undigested PCR products were used as controls. (B)

Western blot to assess SVA-VP1 and VP2 protein expression in (B) wt SVA SD15-26 and (C) rSVA mSacII infected cells. H1299 cells were infected with an MOI of 10

of each virus harvested on the indicated time points and subjected to western blots using a VP1- or VP2-specific mAb. (D) Multi-step or (E) single-step growth curves.

H1299 cells were infected with (D) 0.1 and (E) 10 MOI of wt SVA SD15-26 and rSVA mSacII and virus titers were determined at 2, 4, 8, 12, and 24 h post-infection;

Error bars represent SEM calculated based on results of four independent experiments (P-values were determined by unpaired t-test; **P < 0.01; ***P < 0.001).

and VP2 in both inactivated and live attenuated virus
preparations (Figure 4). Following immunization, all animals
were monitored daily for characteristic SVA clinical signs
and vesicular lesions (22). No clinical signs nor lesions were
observed in any of the immunized animals (Figure 5A). As
no gross lesions were observed, clinical scores remained 0 for
all groups during the post-immunization (pi) phase of the
experiment (Figure 5B).

The levels of viremia were assessed in serum samples collected
on days 0, 3, 5, 7, 14, and 21 pi by using a SVA real-time
reverse transcriptase PCR (RT-qPCR). No viremia was detected
in control (G1) and inactivated rSVA mSacII (G2)-immunized
animals (Figure 5C). Whereas, SVA RNA was detected in serum
from both live rSVA mSacII IM (G3) and IN (G4) immunized
groups. Animals in G3 and G4 presented viremia between days

3 and 7 pi with all animals being negative from day 14 pi
onwards (Figure 5C).

Virus shedding was assessed in oral and nasal secretions and
feces. Oral, nasal and rectal swabs collected on days 0, 3, 5, 7, 14,
and 21 pi were tested by RT-qPCR. Virus shedding was detected
up to day 14 pi on oral secretions or up to day 14–21 pi on
nasal secretions and feces of animals in the live IM (G3) and
live IN (G4)-vaccine groups, respectively (Figures 5D–F). No
virus excretion was detected on control (G1) and inactivated (G2)
groups (Figures 5D–F).

Immunogenicity of Inactivated or Live rSVA
mSacII Virus in Pigs
The immunogenicity of inactivated or live rSVAmSacII virus was
evaluated. Humoral immune responses were assessed by virus
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FIGURE 2 | The recombinant rSVA mSacII is attenuated in swine. (A) Clinical outcome post-inoculation of wt SVA SD15-26 or rSVA mSacII viruses. Vesicular lesions

were observed on the snout and feet of animals infected with wt SVA SD15-26 but not in animals infected with rSVA mSacII. (B) Total daily clinical scores

post-infection in pigs. A score of 1 was attributed daily to each feet or snout presenting vesicular lesions for a total score of 5 per animal per day. (C) Viremia levels as

determined by RT-qPCR in serum samples collected at the indicated times post-infection. Virus shedding in oral secretions (D), nasal secretions (E) or feces (F) as

determined by RT-qPCR on swabs collected on indicated times post-infection (P-values were determined by unpaired t-test; **P < 0.01; ***P < 0.001).

neutralization assays (9, 19) in serum samples collected on days
0, 3, 5, 7, 14, 21, 28, and 35 pi. Immunization with live rSVA
mSacII virus via the IM (G2) and IN (G3) routes, elicited robust
NA responses with high antibody titers being detected as early as

day 3 pi in animals in the live IM group (G3) (Figures 6A,B).
Interestingly, early NA titers elicited by live IM immunization
were significantly higher than antibody titers elicited by IN
immunization (day 5–7 pi; P < 0.01), whereas no differences in
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FIGURE 3 | Viral load in tissues and serological responses post-infection in swine. (A) Viral load in tissues was determined by RT-qPCR in several tissues collected on

day 14 post-infection. (B) Neutralizing antibody titers in both virus infected groups (Data represent group means ± SEMs).

FIGURE 4 | Antigen load in live and inactivated vaccine formulations. Western

blot demonstrating similar levels of capsid VP1 and VP2 proteins in both live

and inactivated vaccines. After dilution to a virus suspension containing 106

TCID50/ml, approximately 20 µl of each vaccine preparation were subjected

SDS-PAGE, transferred to a nitrocellulose membrane and probed with

anti-SVA-VP1 and -VP2 specific monoclonal antibodies.

NA titers in the live IM and IN immunized groups were observed
after day 14 pi (Figures 6A,B). Notably, a single dose of the
live rSVA mSacII administered either by the IM or IN routes
resulted in significantly higher NA responses when compared to
immunization with the inactivated virus formulation, even after
the booster immunization on day 21 pi (Figures 6A,B, days 3–35
pi; P < 0.01). No NA antibodies were detected in control sham-
immunized animals (G1) prior to challenge infection (days 0–35
pi) (Figures 6A,B).

T cell responses elicited by immunization with rSVA
mSacII virus were evaluated by lymphocyte proliferation assays.
Peripheral blood mononuclear cells (PBMCs) collected on day
42 pi (day of challenge) were subjected to in vitro recall

stimulation with SVA or with recombinant SVA-VP2 protein as
previously described (19). Interestingly, significant recall T cell
(CD3+) proliferation was detected in animals immunized with
live rSVA mSacII via the IM (G3) and IN (G4) routes (P <

0.05) (Figure 6C). Additionally, proliferative recall responses of
individual T cell subsets, including CD4+, CD8+, double positive
CD4+/CD8+ and γδ T cells (double negative CD4−/CD8− cells)
were also significantly higher in animals in the live IM (G3)
and live IN (G4) groups (P < 0.05) (Figure 6C). A similar
trend in recall T cell proliferation was observed in animals
immunized with live virus and re-stimulated with recombinant
VP2 protein (Figure 6D).

Immunization With rSVA mSacII Protects
Against Heterologous SVA Challenge
The protective efficacy of inactivated or live rSVA mSacII
virus were evaluated following challenge infection with a
heterologous contemporary SVA strain. All immunized animals
were challenged oronasally with a virulent SVA strain SVA
MN15-84-22 (9) on day 42 post-immunization (Table 1). All
animals in control sham-immunized G1 presented clinical signs
and/or lesions of SVA starting on day 4 post-challenge (pc).
Animals presented lethargy and lameness and four of six
animals (4/6; 66.6%) displayed characteristic vesicular lesions
(Figure 7A). Additionally, 3/6 (50%) animals in the inactivated
G2 developed lameness and characteristic VD (Figure 7A).
Similar to control animals, G2 animals developed lesions on
or after day 4 pc (Figures 7A,B). Notably, a single dose of
the live rSVA mSacII via the IM (G3) or the IN (G4) routes
resulted in protection from clinical SVA, as no clinical signs
nor lesions were observed in immunized animals (Figures 7A,B).
Peak clinical scores were observed on day 6 pc in control
animals or on day 8 pc in the inactivated vaccine group
(Figure 7B). As no gross lesions were observed in both live
vaccine groups (G3 and G4) (Figure 7A), clinical scores for
these groups remained 0 throughout the challenge phase of the
experiment (Figure 7B).

The levels of viremia were also assessed post-challenge
infection. Serum samples collected on days 0, 3, 7, 10, and 14 pc
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FIGURE 5 | Clinical and virologic outcomes after immunization. Twenty-four 4-week old piglets were randomly allocated to four experimental groups (n = 6) and

sham-immunized or immunized with inactivated or live (IM or IN) rSVA mSacII vaccine formulations. (A) Clinical outcome following immunization showing no lesions in

immunized animals. (B) Total clinical scores following immunization. (C) Viremia levels determined in sera as determined by RT-qPCR at the indicated time points

post-immunization. Virus shedding in oral secretions (D), nasal secretions (E) and feces (F) as determined by RT-qPCR collected from immunized animals at the

indicated times post-immunization. *a, b, c, d, e, f indicates significant difference between groups as follows: a. Control vs. Inactivated, b. Control vs. Live IM, c.

Control vs. Live IN, d. Inactivated vs. Live IM, e. Inactivated vs. Live IN and f. Live IM vs. Live IN at P < 0.05 (Data represent group means ± SEMs. P-values were

determined by Tukey’s multiple comparison test).

were tested for SVA RNA by RT-qPCR. SVA viremia was detected
in control sham-immunized (G1) and in the inactivated group
(G2) animals between days 3 and 10 pc (Figure 7C). The levels

of viremia in animals immunized with live rSVA mSacII IM
and IN were significantly lower than in control- and inactivated
rSVA mSacII-immunized animals (Figure 7C, P < 0.01). In fact,
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FIGURE 6 | Immune responses elicited by immunization and/or challenge infection. (A,B) Virus neutralizing antibody responses against SVA strain SD15-26 (A) or

MN15-84-22 (B) as determined by VN assays performed in serum samples collected at the indicated times post-immunization and post-challenge. (C)

Carboxyfluorescein succinimidyl ester (CFSE) proliferation assay performed in PBMCs obtained on day 42 pi (day of challenge). Cells were stimulated with

UV-inactivated SVA (MOI = 1) for 5 days and proliferative responses of major swine T cell subsets were determined by flow cytometry. (D) CFSE proliferation assay

performed in PBMCs obtained on day 42 pi (day of challenge). Cells stimulated with recombinant SVA VP2 protein (1µg/mL) for 5 days and proliferative responses of

major swine T cell subsets were determined by flow cytometry. Proliferative T cells were expressed as percent of total CD3+ T cells on each sample (Data represent
group means ± SEMs. P-values were determined by Tukey’s multiple comparison; *P < 0.05).

only 2/6 animals immunized with live rSVA mSacII IM and 3/6
immunized IN presented viremia on day 3 or 7 pc, respectively
(data not shown).

Virus shedding was assessed in oral and nasal secretions
and feces in swabs collected on days 0, 3, 7, 10, and 14 pc
by RT-qPCR. High levels of virus excretion were detected
between days 3 and 14 pc in animals from the control (G1) and
inactivated-vaccine groups (G2) (Figures 7D–F). Virus shedding
was significantly lower in animals from live IM (G3)- and live
IN (G4) groups (P < 0.01) when compared to both control
(G1) and inactivated (G2) groups in oral and nasal secretions
(Figures 7D,E). Interestingly, no virus shedding was detected
in feces in the live IM (G3)- and live IN (G4) group animals
(Figure 7F).

The association of NA responses (day 42 pi/0 pc) and
levels of viremia/virus shedding were evaluated in samples
collected from control and immunized animals. Data points
used in the correlation analysis included samples from day
1 through 14 pc. A high negative correlation between NA
levels and levels of viremia (r = −0.856, 95% CI =

−0.938 to −0.685, P < 0.001), virus shedding in oral (r
= −0.744, 95% CI = −0.885 to −0.478, P < 0.001), nasal
secretions (r = −0.756, 95% CI = −0.891 to −0.497, P
< 0.001), and feces (r = −0.797, 95% CI = −0.910 to
−0.571, P < 0.001) was observed (Figure 8A). We also
assessed the correlations between T-cell responses and levels
viremia/virus shedding. Low to moderate negative correlation
between proliferative CD4+ and CD8+ T cell responses
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FIGURE 7 | Clinical and virologic outcomes after heterologous SVA challenge. Animals in all groups were challenged oronasally with SVA MN15-84-22 (108.5 TCID50).

(A) Clinical outcome following immunization showing no lesions in immunized animals. (B) Total clinical scores following immunization. (C) Viremia levels determined in

sera by RT-qPCR at the indicated time points post-immunization. Virus shedding in oral secretions (D), nasal secretions (E) and feces (F) as determined by RT-qPCR

at the indicated times post-challenge. *a, b, c, d, e, f indicates significant differences between groups as follows: a. Control vs. Inactivated, b. Control vs. Live IM,

c. Control vs. Live IN, d. Inactivated vs. Live IM, e. Inactivated vs. Live IN and f. Live IM vs. Live IN at P < 0.05 (Data represent group means ± SEMs. P-values were

determined by Tukey’s multiple comparison).
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FIGURE 8 | Correlations between neutralizing antibody titers and proliferative T-cell responses with viremia and virus shedding. (A) Correlation between the levels of

neutralizing antibody (NA) titers at day 42 pi (day of challenge) with levels of viremia, virus shedding in oral secretions, nasal secretions and feces with post challenge

infection (days 43–63 pi). (B) Correlation of CD4+ T-cell proliferation at day 42 pi (day of challenge) with levels of viremia, virus shedding in oral secretions, nasal

secretions and feces post challenge infection (days 43–63 pi). (C) Correlation of CD8+ T-cell proliferation at day 42 pi (day of challenge) with the levels of viremia, virus

shedding in oral secretion, nasal secretion and fecal swab post challenge infection (days 43–63 pi). (D) Correlation of CD4+CD8+ T-cell proliferation at day 42 pi (day

of challenge) with the levels of viremia, virus shedding in oral secretions, nasal secretions and feces post challenge infection (days 43–63 pi). Groups included in the

analysis are Control, Live IN, Live IN, and Inactivated. Correlation coefficient (R) values and statistics for each correlation are shown in the graphs (95% CI).

and levels of viremia/virus shedding (oral, nasal and fecal)
was observed (Figure 8B). Additionally, moderate to high
negative correlation between proliferative double positive
CD4+CD8+ T cell responses and viremia/virus shedding was
detected (Figures 8B–D).

Neutralizing Antibody Responses
Post-challenge Infection
The serological responses post-challenge infection was evaluated
by VN assays. Serum samples collected on days 0, 3, 7, and
14 pc were tested by VN assays. As shown in Figures 6A,B,
all animals in control (G1) and inactivated (G2) groups
seroconverted post-SVA challenge infection, presenting an
anamnestic increase in NA antibody titers. Levels of NA
detected in control animals on days 7, 10, and 14 pc
were significantly higher than in inactivated (G2), live IM
(G3), and live IN (G4) groups (Figures 6A,B). Notably,
no increase in NA titers were detected in animals from
the live IM (G3) and live IN (G4) groups after challenge
infection (Figures 6A,B).

Protective Responses Elicited by
Immunization With rSVA mSacII Lead to
Decreased Viral Load in Tissues
Viral load was assessed in lymphoid tissues (tonsil, mediastinal
and mesenteric lymph nodes) following challenge infection (day
14 pc) using RT-qPCR. Immunization with inactivated or live
rSVA mSacII virus led to a marked decrease in viral load in all
tissues tested (Figure 9). Significantly lower SVA genome copy
numbers were detected in the tonsil of animals immunized with
inactivated (G2, P< 0.05)-, live IM (G3, P< 0.05), or live IN (G4,
P < 0.05) rSVA mSacII virus, when compared to control animals
(G1) (Figure 9A). No significant differences in SVA RNA copy
number was observed between inactivated (G2)-, live IM (G3)-,
live IN (G4)- rSVAmSacII immunized animals (Figure 9A). Viral
load in mediastinal or mesenteric lymph nodes were significantly
lower in live IM (G3; P < 0.05)-, live IN (G4, P < 0.001)- rSVA
mSacII immunized animals when compared to control animals
(G1) (Figures 9B,C). The levels of SVA load in tissues of animals
in the live IN (G4) group were lower with fewer animals being
positive in all three tissues when compared to animals in G2 and
G3 (Figure 9).
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The association between NA- and T cell responses with viral
load in tissues (day 14 pc) was evaluated. Moderate-to-high
negative correlations between NA levels and vial load in the tonsil
(r =−0.569, 95% CI=−0.795 to−0.202, P < 0.01), mediastinal
LN (r = −0.711, 95% CI = −0.869 to −0.422, P < 0.001),
and mesenteric LN (r = −0.761, 95% CI = −0.894 to −0.507,
P < 0.001) were observed (Figure 10A). We also observed
an association between T cell responses and tissue viral load.
Moderate negative correlation between CD8+ and CD4+CD8+
double positive T cells were observed (Figures 10B,C).

DISCUSSION

Here we generated an attenuated rSVA strain and
assessed its safety and efficacy when administered as an
inactivated/adjuvanted or live attenuated vaccine against
heterologous SVA challenge in pigs. The rSVA mSacII was
generated using reverse genetics and engineered to contain three
nucleotide changes in the 5′UTR region (C→ T) of the genome
and one silent nt change (C→ A) in the P1/VP4 coding region.
The three nucleotides substitutions in the 5′UTR region (C→ T)
were derived from the low virulence SVA strain SVV001, while
the change in the P1/VP4 region (position 942) was inserted to
delete a SacII restriction site from the virus genome.

Although originally designed with the intent of rescuing
a virulent rSVA strain, in vitro characterization of the rSVA
mSacII virus demonstrated lower viral yields and protein
expression in infected cells when compared to the wt SVA
SD15-26 virus. Most importantly, inoculation of finishing pigs
with the rSVA mSacII virus did not result in overt VD, and
inoculated animals presented lower levels of viremia and virus
shedding in oral, nasal secretions and feces when compared to
animals inoculated the wt SVA SD15-26 virus. These findings
indicated that the rSVA mSacII virus was attenuated in pigs.
The mechanism(s) of attenuation of rSVA mSacII was/were
not investigated in our study, however, it is possible that
the nucleotide changes introduced in the 5′UTR and/or in
the P1 coding region may have affected the conformation
of RNA secondary structures present in these regions of the
virus genome [e.g., internal ribosomal entry site [IRES] or cis-
active RNA elements [CRE], respectively] (26–28). Changes
affecting the conformation of these RNA structures have been
linked to impaired protein expression and/or picornavirus
replication, thus resulting in decreased virus virulence and
attenuated disease phenotype (29–31). Results here showing
lower viral yields and reduced protein expression levels in
rSVA mSacII infected cells support this hypothesis. However,
additional studies are needed to dissect the precise molecular
determinants that led to attenuation of the rSVA mSacII
virus in pigs. Notably, despite its attenuated phenotype no
significant differences in the levels of NA were observed between
animals inoculated with rSVA mSacII or with the parental wt
SVA SD15-26, demonstrating that rSVA mSacII virus retained
its immunogenicity.

Given the attenuated phenotype and the immunogenicity
of the rSVA mSacII in pigs, the next step of our study

FIGURE 9 | Viral load in tissues. Virus load in the (A) tonsil, (B) mediastinal

lymph node, and (C) mesenteric lymph node as determined by RT-qPCR on

tissues collected at necropsy on day 14 post-challenge (Data represent group

means ± SEMs. P-values were determined by Tukey’s multiple comparison; *P

< 0.05; **P < 0.01; ***P < 0.001).

was to assess the potential of this viral strain as a vaccine
candidate for SVA. Previously we have shown that both
antibody- and T cell responses are correlated with the control
of SVA infection and peak antibody and T cell responses
parallel with disease resolution (19). Thus, here we assessed
the efficacy of inactivated- or live rSVA mSacII vaccine
formulations against a heterologous SVA challenge. Following
immunization none of the animals presented clinical signs
nor lesions of SVA, confirming efficient inactivation- (G2)
and, most importantly, attenuation of the rSVA mSacII virus
(G3 and G4). As expected, animals immunized with the live
rSVA mSacII via the IM or IN routes excreted virus in
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FIGURE 10 | Correlations between neutralizing antibody titers and T-cell responses with viral load in tissues. (A) Correlation between NA antibody titers at day 42 pi

(day of challenge) with viral load in tonsil, mediastinal lymph node and mesenteric lymph node measured on day 63 pi (day of necropsy). (B) Correlation of CD8+ T-cell

proliferation at day 42 pi (day of challenge) with viral load in tonsil, mediastinal lymph node and mesenteric lymph node on day 63 pi (day of necropsy). (C) Correlation

of CD4+CD8+ T-cell proliferation at day 42 pi (day of challenge) with viral load in tonsil, mediastinal lymph node, and mesenteric lymph node on day 63 pi (day of

necropsy). Groups included in the analysis are Control, Live IN, Live IN, and Inactivated. Correlation coefficient (R) value and statistics for each correlation are shown in

the graphs (95% CI).

nasal and oral secretions and in feces for 7–21 days post-
immunization. Restriction enzyme (Sac II) analysis of the P1
region from PCR amplicons obtained directly from serum
and/or nasal secretions from immunized animals on day 3
post-immunization confirmed the identity of the rSVA mSacII
sequences during replication of the vaccine virus in pigs (data
not shown). These results indicate that rSVA mSacII is a
good vaccine candidate to prevent SVA in swine. Additional
studies are required, however, to evaluate the genetic stability
of this virus after passage/transmission among a cohort of
immunized/commingled animals.

The immune responses elicited by immunization with
inactivated or live rSVA mSacII vaccine formulations were
also evaluated. Notably, while robust neutralizing antibody
responses were detected in all animals immunized with a
single dose of the live rSVA mSAcII via the IM and the
IN routes, animals immunized with the inactivated vaccine
formulation presented a delayed NA response with several

animals only seroconverting after the booster immunization on
day 21 pi. Importantly, one dose of the live rSVA mSacII virus
elicited significantly higher NA responses against SVA, than
two doses of the inactivated rSVA mSacII vaccine formulation.
Although a secondary humoral immune response was observed
after the booster immunization with the inactivated rSVA
mSacII vaccine, NA titers never reached the levels elicited by
immunization with the live virus. This is likely a result of
antigen amplification during replication of the live attenuated
virus in immunized animals leading to a broader and more
efficient stimulation of the immune system. This was also
evident at the T cell level, as recall stimulation of PBMCs from
animals immunized with the live rSVA mSacII led to robust
proliferative responses of CD4+, CD8+, CD4+CD8+, and γδ- T
cells (CD4−CD8−).

The association between the capacity of picornavirus vaccines
to elicit virus-specific immune responses and protection against
challenge infection has been reported for several picornaviruses
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(23, 24, 32, 33). Neutralizing antibodies seem to be correlated
with protection against most picornaviruses (23, 33–35), while
the role of T cell responses is debatable with some studies
showing the contribution of T cells to protection (36),
while others demonstrate only partial protection (37). The
protective efficacy of the rSVA mSacII vaccine formulations
and the immune responses elicited by immunization with these
vaccine candidates was investigated here following challenge of
immunized animals with a virulent heterologous SVA strain
(MN15-84-22 at 108.5 TCID50; day 42 post-immunization)
(Table 1). While 4 out of 6 (4/6) animals in the control group
and 3/6 animals in the inactivated vaccine group presented
characteristic SVA lesions, none of the animals in the live IM and
IN groups presented clinical signs or lesions compatible with SVA
infection. Consistent with the clinical outcome post-challenge,
the magnitude and extent of viremia and virus shedding in
nasal and oral secretions and feces was significantly lower in
animals immunized with the live rSVA mSacII virus via the
IM or IN routes. Notably, no fecal excretion was detected
in the live IM and IN groups following challenge infection.
Additionally, no anamnestic serological responses were detected
in animals in the IM and IN after the challenge infection,
whereas control animals and animals in the inactivated vaccine
group seroconverted to the challenge virus. Together, these
findings demonstrate solid protection of animals immunized
with the live attenuated rSVA mSacII virus against heterologous
virus challenge. Immunization with the inactivated rSVA mSacII
formulation, on the other hand, only elicited partial protection.
These contrasting protective efficacies may potentially reflect
significant differences in the levels of neutralizing antibodies
and/or T cell responses elicited by live or inactivated virus
immunization (Figure 6).

Recently the immunogenicity and protective efficacy of a
cell culture derived inactivated SVA vaccine candidate was
evaluated in pigs (23). This study demonstrated that animals
immunized with a 2 µg-dose of the vaccine formulation
developed higher titers of NA antibodies and were protected
against homologous SVA challenge (23). Animals that received
1/3 or 1/9 of the vaccine dose, however, developed lower levels of
NA antibodies and were only partially protected against challenge
infection (23). Although a parallel between the levels/titers of
neutralizing antibodies elicited by immunization and protection
was observed in the present study and in the study by Yang and
collaborators (23), studies with other picornaviruses, including
FMDV, have shown that this correlation is not precise (23,
34, 37). While some animals presenting low NA titers can
resist challenge infection, others will succumb and develop overt
clinical disease (23, 34). Thus, defining protective antibody
levels for picornaviruses is complex and it is complicated by
the role of antibodies in opsonization and phagocytosis and by
the potential involvement of T cells in protection against virus
infection (23, 38).

Viral load in tissues was also evaluated in our study as
a measure of vaccine elicited protection. For this, SVA RNA
present in lymphoid tissues, including tonsil and mediastinal-
and mesenteric lymph nodes was quantified by RT-qPCR. These

tissues have been shown to harbor SVA with the tonsil potentially
serving as one of the primary sites for virus replication (18,
22). Results here show low amounts of SVA RNA in tonsil
and mediastinal and mesenteric lymph nodes in animals from
the live vaccine groups (Figure 9). Some animals did not
present detectable levels of SVA RNA in the tonsil and many
animals did not present detectable viral RNA in the lymph
nodes. A lower frequency of positive animals was detected
in the group immunized with the live rSVA mSacII via the
IN route, suggesting a more effective role of local mucosal
immunity in protection against SVA challenge when compared
to systemic immunity elicited by parenteral administration
of the inactivated or live vaccine formulations. The lower
amounts of virus detected in tissues of animals in the live
IM or live IN vaccine groups when compared to the viral
load detected in inactivated group, may also be a result of
increased T cell activity and virus clearance elicited by the
live virus vaccine. Additional studies are needed, however, to
characterize local mucosal immunity following IN immunization
with SVA and to dissect the function of T cells in protection
against SVA.

This study describes the development of an effective live
attenuated rSVA vaccine candidate capable of providing solid
protection against heterologous SVA challenge in pigs. A single
dose of the live attenuated vaccine candidate administered
via the IM or IN routes elicited protection to challenge
with a virulent SVA strain, as evidenced by lack of clinical
signs and lower levels of viremia, virus shedding and viral
load in tissues. Given that currently there is only one
known SVA serotype circulating in the swine population
worldwide (22), the live attenuated vaccine candidate developed
here may represent a valuable tool to prevent and control
SVA outbreaks.
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To investigate CTL epitope applications in swine, SLA-1∗1502-restricted peptide
epitopes matching porcine reproductive and respiratory syndrome virus (PRRSV) strains
were explored by crystallography, biochemistry, and the specific pathogen-free (SPF)
swine experiments. First, nine predicted PRRSV peptides were tested by assembly
of the peptide-SLA-1∗1502 (pSLA-1∗1502) complexes, and the crystal structure of
the SLA-1∗1502 complex with one peptide (NSP9-TMP9) was determined. The
NSP9-TMP9 peptide conformation presented by pSLA-1∗1502 is different from that of
the peptides presented by the known pSLA-1∗0401 and pSLA-3∗hs0202 complexes.
Two consecutive Pro residues make the turn between P3 and P4 of NSP9-TMP9 much
sharper. The D pocket of pSLA-1∗1502 is unique and is important for peptide binding.
Next, the potential SLA-1∗1502-restricted peptide epitopes matching four typical genetic
PRRSV strains were identified based on the peptide-binding motif of SLA-1∗1502
determined by structural analysis and alanine scanning of the NSP9-TMP9 peptide. The
tetrameric complex of SLA-1∗1502 and NSP9-TMP9 was constructed and examined.
Finally, taking NSP9-TMP9 as an example, the CTL immunogenicity of the identified
PRRSV peptide epitope was evaluated. The SPF swine expressing the SLA-1∗1502
alleles were divided into three groups: modified live vaccine (MLV), MLV+NSP9-TMP9,
and the blank control group. NSP9-TMP9 was determined as a PRRSV CTL epitope with
strong immunogenicity by flow cytometry and IFN-γ expression. Our study developed
an integrated approach to identify SLA-I-restricted CTL epitopes from various important
viruses and is helpful in designing and applying effective peptide-based vaccines
for swine.
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INTRODUCTION

The development of new viral vaccines should be increasingly
focused on biosafety, especially to remove the viral genetic
material and to avoid the possibility of recombinant viruses
developing due to the use of vaccines. In view of this central
idea, diverse viral vaccines, such as cytotoxic T lymphocyte
(CTL) and B cell epitope vaccines, have been experimentally
researched in animals for the ongoing control of viral diseases
and immunological deficiency diseases (1). Porcine reproductive
and respiratory syndrome virus (PRRSV) is one of the most
important swine pathogens and has caused significant economic
losses in the swine industry worldwide for two decades (2).
PRRSV is an enveloped positive-strand RNA virus with a
viral genome of ∼15 kb in length and contains 11 open
reading frames (ORFs) (3). ORFs 1a and 1b are situated 5′-
proximal to the polycistronic genome and encode two large
non-structural replicase polyproteins, pp1a, and pp1b, which
are processed into at least 14 non-structural proteins (nsps).
Eight relatively small genes following ORF1 in the 5′ to 3′

direction encode four membrane-associated glycoproteins, three
membrane proteins, and a nucleocapsid protein. Progress has
been made in identifying nsp function related to RNA synthesis
(nsp9 and nsp10), subgenomic mRNA synthesis regulation
(nsp1), membrane-rearrangement (nsp2 and nsp3), replicative
endonuclease (nsp11), major virulence factors (nsp3–8), and
viral pathogenesis and host immunity (nsp1, nsp2, nsp4, nsp7,
and nsp11) (4). The frequent mutation and recombination
of the PRRSV RNA genome have resulted in the emergence
of numerous variants (5, 6). These phenomena can cause
the emergence of some virulent strains, such as the highly
pathogenic PRRSVs that are causing enormous economic losses
in Asia (7), and have led to the failure of vaccines against new
emerging PRRSVs. There are considerable challenges and specific
requirements in the development of novel vaccines to prevent
PRRS, such as the CTL-epitope vaccine (8, 9).

The greatest challenge is that PRRSV can markedly suppress
the swine immune defense system (10). The current evaluation
of the PRRSV vaccine is based on its induced antibody
response. Although high antibody titers can be produced
after immunization, protection is not ideal because the key
neutralizing antibodies (NAbs) against PRRSV appear late,
typically >28 days post-infection (dpi), and usually at low
levels (11). Furthermore, NAbs are usually specific for the
homologous PRRSV strain and confer little cross-protection
against heterologous strains (12, 13). Regarding CTL-mediated
immunity, specific CTL responses have been observed in
PRRSV (10, 14, 15). The virulent type 1 (Lena) PRRSV
resulted in increased IL-1α production and a higher percentage
of CD8+ T cells and IFNγ-producing cells compared with
controls. Cross-reactivity against divergent PRRSV is also
associated with cytotoxic CD8+IFNγ and CD8–IFNγ+ cells
to a different extent (9). PRRSV-specific T cells could be
observed as early as 2 weeks after infection, with the viral
loads decreasing in persistent infection (13). Modified live
vaccines (MLVs) could induce CTL immune responses and
confer better protection against heterologous PRRSV strains

than inactivated PRRS vaccines (16). These findings indicate
that specific CD8+ CTL immunity may play an important
role in controlling PRRSV infection. However, there is limited
clear and direct evidence of CTLs eliminating PRRSV infection,
and more basic immune reagents, such as the tetramer of
swine major histocompatibility complex (MHC) class I with
PRRSV peptide epitope, are required to address these important
issues (9).

Swine MHC class I has been referred to as swine lymphocyte
antigen (SLA-I). There are three classical SLA-I loci (SLA-
1, SLA-2, and SLA-3) in the swine genome, and all are
dominantly expressed (17). SLA-I molecules can present viral
peptide epitopes to swine CD8+ T cells and induce the CTL
response to kill the infected cells (18). Similar to human
MHC (also known as human leukocyte antigen, HLA), SLA-
I molecules are a highly polymorphic gene superfamily whose
peptide-binding specificities are significantly influenced by
highly variable sites (17). Thus, far, more than 100 SLA-I genes
have been cloned (IPD; http://www.ebi.ac.uk/ipd/index.html),
and two three-dimensional (3D) structures of peptide-SLA-I
(p/SLA-I) molecules have been determined, revealing the peptide
presentation characteristics of SLA-I molecules in swine (19, 20).
Thus, the situation is favorable for the design and development
of a novel viral CTL vaccine against swine PRRS based on these
3D structures of SLA-I molecules.

In an attempt to identify anti-PRRSV CTL epitopes in this
study, first, predicted peptide epitopes derived from PRRSV
were synthesized, and a trimolecular complex, the structure of
the epitope from PRRSV-NSP9 (TMPPGFELY, termed NSP9-
TMP9)-bound SLA-1∗1502 (pSLA-1∗1502), was solved. Next,
the potential SLA-1∗1502-restricted peptide epitopes matching
four typical genetic PRRSV strains were identified. Finally, the
immunogenicity of the CTL epitope was identified. Our results
provide a novel strategy, i.e., the use of the MHC-restricted
structural mechanism, to identify and validate CTL epitopes
that could be used to develop a peptide-based vaccine against
swine PRRS.

MATERIALS AND METHODS

Prediction and Synthesis of PRRSV
Peptides
Peptide epitopes were predicted by the NetMHCpan 4.0 Server
(http://www.cbs.dtu.dk/services/NetMHCpan/) based on the
whole protein sequences of four typical PRRSV strains (VR2332,
GenBank accession no. EF536003.1; HB-13.9, GenBank accession
no. EU360130.1; JXwn06, GenBank accession no. EF641008.1;
and CHsx1401, GenBank accession No. KP861625.1). These
potential non-apeptides were predicted using the SLA-1∗1502
allele (GenBank accession no. HQ909439) and purified to >90%
purity by analytical reverse-phase high-performance liquid
chromatography (HPLC) (SciLight Biotechnology) (Table 1).
These peptides were stored in lyophilized aliquots at −20 or
−80◦C after synthesis and were dissolved in dimethyl sulfoxide
(DMSO) before use.
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Refolding of the SLA-1∗1502 Complex
To assemble the pSLA-1∗1502 complexes with each non-apeptide
(Table 1), SLA-1∗1502 heavy chain (HC) and swine β2m(sβ2m)
inclusion bodies were refolded (in a 1:1:1 molar ratio) via
the gradual dilution method we described previously (21, 22).
The SLA-1∗1502 HC and sβ2m inclusion bodies were also
refolded without peptides or with non-combined peptides as
negative controls. In addition, the SLA-1∗0401 HC and sβ2m
inclusion bodies were refolded with a positive peptide (amino
acid sequence NSDTVGWSW) as a positive control. After 48 h
of incubation at 4◦C, the remaining soluble portion of the
complex was concentrated and then purified via chromatography
in a Superdex200 16/60 column, followed by Resource-Q
anion-exchange chromatography (GE Healthcare), as previously
described (21).

Crystallization and Data Collection of
pSLA-1∗1502
The purified complex (44 kDa) of pSLA-1∗1502 with the NSP9-
TMP9 peptide (amino acid sequence TMPPGFELY, derived from
residues 198–206 of the PRRSV non-structural protein) was
dialyzed against crystallization buffer (20mM Tris–HCl pH 8.0,
50mM NaCl) and concentrated to 12 mg/mL. The sample was
then mixed with reservoir buffer at a 1:1 ratio and crystallized
via the hanging-drop vapor diffusion technique at 277 and 291K.
Index Kits (Hampton Research, Riverside, CA) were employed to
screen the crystals. With a protein concentration of 12 mg/mL,
crystals of pSLA-1∗1502 were obtained in 10–14 days from index
solution No. 65 (0.1M Bis-Tris pH 5.5, 0.1M ammonium acetate,
17% PEG 10 000) at 4◦C. Diffraction data were collected at a
resolution of 2.2 Å (pSLA-1∗1502) with an in-house X-ray source
(Rigaku Micro-Max007 desktop rotating anode X-ray generator
with a Cu target operated at 40 kV and 30mA) and an R-AXIS
IV++ imaging plate detector at a wavelength of 1.5418 Å. The
crystals were first soaked in reservoir solution containing 25%
glycerol as a cryoprotectant and then flash-cooled in a stream of
gaseous nitrogen at −173◦C (23). The collected intensities were

indexed, integrated, corrected for absorption, scaled, and merged
by using the HKL2000 package (24).

Structural Determination and Refinement
of pSLA-1∗1502
The structures of pSLA-1∗1502 with NSP9-TMP9 were solved
via molecular replacement using the MOLREP program with
HLA-A∗1101 (PDB code, 1Q94) as the search model. Extensive
model building was performed by hand with COOT (25),
and restrained refinement was performed with REFMAC5.
Additional rounds of refinement were conducted by using the
phenix.refine program implemented in the PHENIX package
(26) with isotropic atomic displacement parameter (ADP)
refinement and bulk solvent modeling. The stereochemical
quality of the final model was assessed with the PROCHECK
program (27). Data collection and refinement statistics are listed
in Table 2.

Determination of the Circular Dichroism
Spectra and Thermal Unfolding of
pSLA-1∗1502
The thermostability of SLA-1∗1502 with six mutant peptides was
examined via circular dichroism (CD) spectroscopy. CD spectra
were measured at 20◦C in a Jasco J-810 spectropolarimeter
equipped with a water-circulating cell holder. Far-UV CD spectra
(180–260 nm) were collected at a protein concentration of 0.2
mg/ml in 20mM Tris (pH 8.0) buffer in a cuvette with a
length of 1mm at 0.1-nm spectral resolution. The ellipticity
at 218 nm was continuously recorded during heating. Thermal
denaturation curves were obtained by monitoring the CD value
at 218 nm in a cell with an optical path length of 1mm as the
temperature was raised from 25 to 90◦C at a rate of 1◦C/min.
The temperature of the sample solution was directly measured
with a thermistor. The fraction of unfolded protein was calculated
from the mean residue ellipticity (θ) by the standard method: the
unfolded fraction (%) is expressed as (θ–θN)/(θU-θN), where θN
and θU are the mean residue ellipticity values in the fully folded

TABLE 1 | Predicted peptides from PRRSV and influenza virus and their binding to SLA-1*1502 evaluated via in vitro refolding.

Name Sequence Derived protein Position %Randoma Stabilityb

PP1 SSSHLQLIY PRRSV-GP5 34–41 0.388 ++

PP2 IFLNCAFTF PRRSV-M 48–56 0.473 ++

PP3 LMLSSCLFY PRRSV-GP4 96–104 0.592 ++

PP4 IFLCCGFLY PRRSV-GP3 9–17 0.538 ++

PP5 SSAAAIPPY PRRSV-NSP2 940–948 0.260 +

PP6 RWFAANLLY PRRSV-NSP9 404–412 0.703 ++

PP7 TMPPGFELY PRRSV-NSP9 198–216 0.540 ++

PP8 RTAIGTPVY PRRSV-GP4 69–77 0.416 +

PP9 ISAVFQTYY PRRSV-GP3 160–168 0.327 +

IP1 NSDTVGWSW SI-NA 449–457 0.246 –

a% Random is a base value for estimation of the binding affinities of peptides by the NetMHCpan 4.0 Server (http://www.cbs.dtu.dk/services/NetMHCpan/); the Rank threshold for

strongly binding peptides is 0.100, and the rank threshold for weakly binding peptides is 1.000.
bStability is the capacity for peptide binding to SLA-1*1502. ++, peptide binds strongly and can tolerate anion-exchange chromatography; –, peptide does not bind SLA-1*1502; +,
peptide binds SLA-1*1502 but cannot tolerate anion-exchange chromatography.
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TABLE 2 | X-ray diffraction data processing and refinement statistics.

Parameter SLA-1*1502-NSP9-TMP9

Data processing

Space group P212121

Unit cell parameters (Å) a = 66.058, b = 74.059, c = 98.596
α = 90.00, β = 90.00, γ = 90.00

Resolution range (Å) 50.00-2.20 (2.20–2.28)a

Total reflections 197,524

Unique reflections 24,678

Avg redundancy 7.9 (7.9)

Completeness (%) 99.5 (98.9)

Rmerge (%)b 8.3 (28.6)

Avg I/σ (I) 27.366 (7.517)

Refinement

Resolution (Å) 29.607-2.199

Rfactor (%)c 20.0

R free (%) 24.3

R M S Deviations

Bonds (Å) 0.014

Angles (◦) 1.140

Average B factor 26.602

Ramachandran plot quality

Most favored region (%) 91.5

Allowed region (%) 8.5

Disallowed region (%) 0.0

aValues in parentheses are for the highest-resolution shell.
bRmerge = ΣhklΣi |Ii (hkl) – <I(hkl)>|/ΣhklΣi Ii (hkl), where Ii (hkl) is the observed intensity and

<I(hkl)> is the average intensity from multiple measurements.
cR = Σhkl || Fobs | – k | Fcalc | |Σhkl | Fobs |, where Rfree is calculated for a random chosen

5% of reflections, and Rwork is calculated for the remaining 95% of reflections employed

for structural refinement.

and fully unfolded states. The midpoint transition temperature
(Tm) was determined by fitting the data to the denaturation
curves by using the Origin 8.0 program (OriginLab), as described
previously (28).

Tetramer Preparation
The tetrameric pSLA-1∗1502 complex was constructed according
to a previously described method (29). Briefly, a sequence
containing a BirA enzymatic biotinylation site was added to
the C-terminus of the SLA-1∗1502 HC via PCR. The PCR
primers and conditions were as described previously (30).
Then, the entire construct was cloned into the pET-21a(+)
vector, which was subsequently transfected into Escherichia
coli strain BL21(DE3) for protein expression. The inclusion
bodies of recombinant SLA-1∗1502 HC containing the BirA site
and of sβ2m were refolded with the NSP9-TMP9 peptide as
described above. The pSLA-1∗1502 complex was then purified
and biotinylated by using the BirA enzyme (Avidity Aurora, CO).
Finally, the complex was purified and tetramerized by mixing
pSLA-1∗1502-BSP with PE-labeled streptavidin (BioSource
International, Camarillo, CA) at a molar ratio of 4:1, after which
the samples were separated by using 100 KDa Millipore tubes.

SDS-PAGE electrophoresis was used to determine the efficiency
of tetramerization.

Evaluation of the Immunogenicity of
NSP9-TMP9 in Swine
A total of nine specific pathogen-free (SPF) swine (15 kg,
8–9 weeks old). Beijing Center of SPF Swine Breeding
and Management) expressing the SLA-1∗1502 alleles were
divided into three groups: MLV, MLV+NSP9-TMP9, and a
blank control group. For initial immunization, the MLV and
MLV+NSP9-TMP9 groups were injected with an attenuated
PRRSV vaccine according to the manufacturer’s instructions
(Boehringer-Ingelheim, Ingelvac). After seven days, for the
second immunization, the MLV + NSP9-TMP9 group was
injected with the NSP9-TMP9 peptide mixed with complete
Freund’s adjuvant (CFA, 1:3 emulsification). The MLV group
was injected with the MLV peptide mixed with CFA. Seven days
later, peptide mixed with incomplete Freund’s adjuvant (IFA,
1:3 emulsification) was injected into the MLV+NSP9-TMP9
group. The MLV group was injected with MLV mixed with IFA.
The immune dose of the peptide was 0.1 mg/kg body weight.
The control group was injected with phosphate-buffered saline
(PBS), deionized water mixed with CFA (1:3 emulsification),
and deionized water mixed with IFA (1:3 emulsification) at
the same time as the immunization group. Equivalent volumes
were used in the immunization group and the control group.
Blood was collected from the anterior vena cava, and peripheral
blood mononuclear cells (PBMCs) were isolated by the kit
according to the manufacturer’s instructions (Solarbio). The
PBMCs were incubated for 30min at 37◦C in staining buffer
(PBS with 0.1% BSA and 0.1% sodium azide) containing the
PE-labeled tetrameric complex and the FITC-labeled anti-CD8
monoclonal antibody. The cells were then washed once with
staining buffer and detected via flow cytometry. More than 106

cell events were acquired for each sample. Cells stained with
PE-labeled tetramers and a FITC-labeled anti-CD8 monoclonal
antibody were counted as CTL response cells (31). The results
for fluorescence-activated cell sorting (FACS) data are presented
as the mean ± standard error of the mean (SEM) for the three
animals in each group. Statistical analysis was performed using
GraphPad Prism 7 (https://www.graphpad.com) for Windows.
Significant differences (P < 0.01) between means were tested by
two-tailed Student’s t-test.

Production of IFN-γ in Swine After
Immunization With NSP9-TMP9
One week after immunization with NSP9-TMP9 or deionized
water, PBMCs were collected from immunized and control
groups. These PBMCs were stimulated with NSP9-TMP9 peptide
at a concentration of 2µg/ml. PHA was added at the same
concentration to each positive control group, while an equivalent
volume of PBS was added to the negative groups. Swine IFN-γ in
the supernatant was detected via an ELISA kit according to the
manufacturer’s instructions (Invitrogen) after the cells had been
incubated at 37◦C for 18 h.
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RESULTS

PRRSV Peptide Prediction and Verification
of SLA-1∗1502
Six SLA-I alleles were cloned from Landrace pigs. SLA-
1∗1502 showed better PRRSV peptide-binding ability
than the others (Table S1) according to in silico prediction
(http://www.cbs.dtu.dk/services/NetMHCpan). Nine PRRSV
peptides, all of which could be presented by SLA-1∗1502,
were synthesized to test this prediction (Table 1). All nine
peptides could form complexes with SLA-1∗1502 and
swine β2m (pSLA-1∗1502) by in vitro refolding. The stable
pSLA-1∗1502 complexes were further used to screen the
crystal structures.

3D Structure of pSLA-1∗1502
SLA-1∗1502 in complex with NSP9-TMP9 was crystallized in the
P212121 space group with a high resolution of 2.20 Å (Table 2).
One asymmetric unit contains only one SLA-1∗1502 molecule.
The pSLA-1∗1502 complex displays a canonical p/MHC I
structure, including the α1, α2, and α3 domains of the HC and the
light chain sβ2m. NSP9-TMP9 is located in the peptide-binding
groove (PBG) formed by the α1 and α2 domains (Figure 1A).
The root mean square differences (RMSDs) between SLA-1∗1502

and two other solved p/SLA I structures (SLA-1∗0401, PDB code:
3QQ3; SLA-3∗hs0202, PDB code: 5H94) were found to be 0.446
and 0.592, respectively, indicating similarities among the overall
structures of the p/SLA I molecules. The NSP9-TMP9 peptide
is fixed by 15 hydrogen bonds with residues in the N- and C-
termini of the PBG, and no hydrogen bonds were observed in
the middle portion (P3–P7) (Figure 1B). Based on the surface
model, the P4 and P8 residues are located outside the PBG,
and their side chains are solvent accessible, especially the P8
residue, which is at the top position of the NSP9-TMP9 peptide
conformation (Figure 1C).

Pocket Composition of pSLA-1∗1502
Bound to NSP9-TMP9 Peptide
The compositions and polarities of the six pockets of pSLA-
1∗1502 are shown in Figure 2, and the interactions between the
NSP9-TMP9 peptide and these pockets are listed in Table 3. The
pockets of pSLA-1∗1502, p/SLA-1∗0401, and p/SLA-3∗hs0202
are compared in Figure 3. The A pocket of pSLA-1∗1502,
composed of Leu5, Tyr7, Phe33, Tyr59, Glu63, Tyr159, Leu163,
Ser167, and Tyr171, fixes P1-Thr via hydrogen bonds and strong
van der Waals forces (VDWs) (Figure 2A; Table 3). The residues
forming the A pockets of SLA I molecules, including Ser167, are
highly conserved (Figure 3). In most MHC I molecules of other

FIGURE 1 | Structural overview and NSP9-TMP9 peptide presentation in pSLA-1*1502. (A) Overall structure of SLA-1*1502 in complex with the NSP9-TMP9
peptide. The non-apeptide is shown in stick representation between the α1 domain and α2 domain of pSLA-1*1502. (B) Interactions between the NSP9-TMP9
peptide and residues in the PBG. The hydrogen bonds are represented as red dashes. (C) Surface model of NSP9-TMP9. Most regions of P4-Pro and P8-Leu are
located outside the PBG.
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FIGURE 2 | Composition and polarities of the six pockets of pSLA-1*1502 bound to NSP9-TMP9 peptide. The pockets are shown in surface representation with their
polarities colored as follows: red, negatively charged; white, non-polar; and blue, positively charged. The residues forming these pockets (light green) and the bound
peptide (C, green; N, blue; O, red) are labeled. The hydrogen bonds between peptides and the red complex are shown with dashes. (A) Pocket A with residue P1
(Thr). (B) Pocket B with residue P2 (Met). (C) Pocket C with residue P6 (Phe). (D) Pocket D with residue P3 (Pro). (E) Pocket E with residue P7 (Glu). (F) Pocket F with
residue P9 (Tyr).

species, the residue at position 167 is Trp (32). Due to the small
Ser167 residue, the N-terminus of the PBG of SLA I molecules
appears to be more open than in other MHC I molecules.

The B pocket consists of Tyr7, Ala24, Val25, Val34, Met45,
Glu63, Lys66, and Val67 (Figure 2B). The charged Glu63

and Lys66 residues at the top of the B pocket can form
two hydrogen bonds with the main chain of P2-Met.
The hydrophobic B pocket accommodates the non-polar
side chain of P2-Met via the VDWs provided by the
surrounding residues (Figure 2B; Table 3). The residue
composition of SLA-1∗1502 is similar to that of SLA-1∗0401,
and only the residue at position 66 (Lys/Val) is different
(Figure 3).

The C, D, and E pockets usually form a large cavity in the
middle portion of the PBG. The amino acid compositions of these
three pockets in SLA-1∗1502 are shown in Figures 2C–E. No
hydrogen bonds or salt bridges were found in these structures;
instead, many VDWs were observed between the three pockets
and the NSP9-TMP9 peptide (Table 3). The D pocket is critical
for the peptide selection of SLA-1∗0401 and SLA-3∗hs0202
because of the charged residue at position 156 (19, 20). The
non-polar Met156 causes the D pocket of SLA-1∗1502 to be

hydrophobic, in contrast to the charged D pocket of SLA-1∗0401
or SLA-3∗hs0202 (Figure 3).

The F pocket of pSLA-1∗1502 consists of Asn77, Ala80,
Leu81, Tyr84, Leu95, Asp116, Tyr123, Ile124 Thr143, and Lys146

and shows numerous interactions with P9-Tyr, reflecting a
key anchoring site (Figure 2F). P9-Tyr can form 6 hydrogen
bonds and many VDWs with the residues of the F pocket
(Table 3). The F pockets of both pSLA-1∗1502 and p/SLA-
1∗0401 can accommodate P9-Tyr, and only two different residues
(Asn/Gly77 andAla/Thr80) were found between the two F pockets
(Figure 3).

The NSP9-TMP9 peptide conformation presented by SLA-
1∗1502 is different from that of the peptides presented by
SLA-1∗0401 and SLA-3∗hs0202 (Figure 4). Because of the two
consecutive Pro residues, the turn between P3 and P4 of the
NSP9-TMP9 peptide is much sharper than that in the other two
peptides (Figures 4A,B). Previous studies on SLA-1∗0401 and
SLA-3∗hs0202 showed that the residue at position 156 plays a key
role in peptide binding by fixing the P3 residue with a salt bridge
or hydrogen bond (Figures 4C,D). In contrast, no salt bridge or
hydrogen bond forms between the P3-Pro of NSP9-TMP9 and
Met156 of SLA-1∗1502.
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Analysis of the Peptide-Binding Motif of
pSLA-1∗1502
To determine the peptide-binding motif of SLA-1∗1502, the
peptide NSP9-TMP9 was mutated by alanine scanning (19),

TABLE 3 | Hydrogen bonds and van der Waals interactions between the
NSP9-TMP9 peptides and complexes.

Complex Peptide Hydrogen

bond partner

Van der Waals contact

residuesa

Residue Atom Residue Atom

SLA-1*1502
/sβ2m/TY9

P1-Thr N Tyr7 OH Leu5, Tyr7, Phe33, Tyr59,
Glu63, Tyr159, Leu163,
Ser167, Tyr171

Tyr171 OH

O Tyr159 OH

OG1 Ser167 OG

Tyr171 OH

P2-Met N Glu63 OE1 Tyr7, Ala24, Val25, Val34,
Met45, Glu63, Lys66, Val67O Lys66 NZ

P3-Pro Gln155, Met156, Tyr159

P4-Pro

P5-Gly

P6-Phe Ser9, Asp69, Asn70, Thr73,
Tyr74,Ser97, Phe99

P7-Glu O Asn77 ND2 Arg114, Trp147, Ala150, Ala152

P8-Leu O Trp147 NE1 Thr73, Asn77, Trp147

P9-Tyr N Asn77 OD1 Asn77, Ala80, Leu81, Tyr84,

O Lys146 NZ Leu95, Asp116, Tyr123, Ile124,

OH Asp116 OD1 Thr143, Lys146

OXT Tyr84 OH

Thr143 OG1

Lys146 NZ

O Tyr84 OH

Thr143 OG1

OXT Tyr84 OH

Lys146 NZ

and CD spectra were used to test the stability of pSLA-1∗1502
complexes with these mutant peptides (Figure 5). The in vitro
refolding and CD results showed that the binding stabilities of
P2-Ala, P3-Ala, and P9-Ala mutant peptides are significantly
lower than that of the wild-type NSP9-TMP9 peptide. Although
P3-Pro cannot form a hydrogen bond or salt bridge with the D
pocket of SLA-1∗1502, its Ala mutant still impairs the stability of
the pSLA-1∗1502 complex. According to these results, the P2, P3,
and P9 residues are the primary anchor residues of the epitope
peptides presented by SLA-1∗1502. The B, D and F pockets
accommodate these primary anchor residues and determine the
peptide-binding motif of SLA-1∗1502, similar to SLA-1∗0401
and SLA-3∗hs0202.

The B and F pockets accommodate the P2 and P9 anchor
residues of the binding peptide, respectively, and their preference
for P2 and P9 anchor residues is determined by their amino
acid composition. Figure 2 shows the pocket composition of
SLA-1∗1502. Figure 3 shows that the amino acid composition
of the B and F pockets of SLA-1∗1502 is very similar to that
of SLA-1∗0401. Differential amino acids are found only at
one or two individual sites and do not form direct contacts
with the side chains of the P2 or P9 residues of the binding
peptide. Because of the similar B and F pockets, the P2 and
P9 residues of the SLA-1∗1502-binding peptides should be the
same as in the SLA-1∗0401 peptides. The SLA-1∗0401 binding
peptide (20) and the SLA-1∗1502 binding peptide have a large
overlap at the P2 and P9 residues (Table 1). The B pocket of
SLA-1∗1502 accommodates multiple uncharged residues, while
the F pocket mainly binds Phe, Tyr and Trp. The in vitro
refolding results for the peptides supported this reasonable
speculation (Table 1). The uncharged D pocket of SLA-1∗1502
might accommodate various uncharged P3 residues, unlike those
of SLA-1∗0401 and SLA-3∗hs0202. Peptides with P3-Ala cannot
provide sufficient affinity, unlike larger amino acids, such as
L, M, F, S, N, and P (Table 1). In summary, the preliminary
peptide-binding motif of SLA-1∗1502 is expected to contain the
following combination: X-(S/M/F/W/T/V/I/L)-(L/P/M/F/S/N)-
X-X-X-X-X-(F/Y/W).

FIGURE 3 | Structure-based amino acid sequence alignment of SLA-1*1502, SLA-1*0401, and SLA-3*hs0202 alleles. The amino acid sequences of the PBGs of
SLA-1*1502, SLA-1*0401, and SLA-3*hs0202 were aligned, and the secondary structural elements are indicated above the sequences. Orange arrows indicate
β-strands, and orange cylinders denote α-helices. The residues in pockets A-F are highlighted with different colors. The residues at position 156 in the D pocket are
indicated with a red star.
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FIGURE 4 | Comparison of NSP9-TMP9 and dissimilar peptide conformations and interactions among the three solved SLA I structures. The superposition of the
structures of pSLA-1*1502 (green), p/SLA-1*0401 (yellow), and p/SLA-3*hs0202 (white). (A) The peptide conformations in these three structures are different. (B–D)
Interactions between residue 156 and non-apeptide in the three p/SLA complexes. The salt bridge between the peptide and SLA I is represented by red dashes.

Identification of Peptide-Binding Maps for
the SLA-1∗1502 Allele Derived From Four
Typical PRRSV Strains
The predicted peptide epitopes derived from whole protein
sequences of four typical PRRSV strains were screened: the
first isolated strain, VR2332; the low-virulence strain HB-13.9;
the highly pathogenic strain JXwn06; and the CHsx1401 strain,
which was responsible for a recent epidemic in China (Figure 6).
Most SLA-1∗1502-restricted PRRSV peptides are located in the
non-structural protein and the RNA-dependent RNA polymerase
(RDRP) encoded by ORF1a and 1b. Although numerous 9-
mer SLA-1∗1502-binding peptides exist in each of these four
PRRSV strains (∼90 peptides), only 30 peptides were found to
be completely conserved in all four strains (Table S2). RDRP
contains 13 conserved peptides, which is a much greater number
than in the other proteins.

Identification of NSP9-TMP9 as the CTL
Epitope by Using the Tetramer Technique
and the Detection of Swine IFN-γ
The tetrameric pSLA-1∗1502 complex was constructed
(Figures 7A–C) (33). Six Landrace pigs expressing the SLA-
1∗1502 genes were used to check the immunogenicity of
NSP9-TMP9 peptide (Figure 8). A total of 10,000 events were
recorded by the flow. The ratio of pSLA-1∗1502 tetramer and
CD8 double-positive cells was at a rate of ∼0.5–1% in the
MLV+NSP9-TMP9-immunized group, which was significantly
higher than in the control group (P = 0.0305). The MLV-
immunized group was significantly higher than in the control
group (P = 0.0355); however, there was no significant difference
between the MLV+NSP9-TMP9-immunized group and the
MLV-immunized group (P = 0.0538) (Figure 8B). Additionally,
swine IFN-γ expression in the peripheral blood of each pig was
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FIGURE 5 | Gel filtration chromatogram and CD spectra of the NSP9-TMP9 peptide and its mutants. The elution curves and CD spectra of the complexes with
different peptides are indicated in different colors. (A) Gel filtration chromatograms of the refolded products obtained with a Superdex 200 10/300 GL column (GE
Healthcare). The aggregated H chain, the correctly refolded pSLA-1*1502 complex (∼45 kDa), and excess β2m are indicated by three peaks appearing in order. The
efficiency of refolding is represented by the height of the pSLA-1*1502 complex peak. A higher peak indicates better efficiency of the peptide in promoting the
renaturation of SLA I. (B) Bar graph of the peak absorbance of the pSLA-1*1502 complex. Bars with different colors show the differences in the refolding efficiencies
of the pSLA-1*1502 complex with alanine scanning peptides. (C) Thermostability of the pSLA-1*1502 complex with the NSP9-TMP9 peptide and the peptide
harboring substitutions (alanine screening of NSP9-TMP9). CD spectra were utilized to assess the thermostability of purified pSLA-1*1502 complexes. Denaturation
was monitored at 218 nm as the temperature was ramped up from 25 to 90◦C at 1◦C/min. The fitting data for the denaturation curves obtained using Origin 9.1
(OriginLab) are shown. The Tms of different peptides (when 50% of the fraction was unfolded) are indicated by the gray line. (D) Bar graph of the thermostability of the
pSLA-1*1502 complex. Bars with different colors show the Tm values of the pSLA-1*1502 complex with alanine scanning peptides more clearly.

detected according to the methods used by Kumar and Walker
(34, 35). Secreted IFN-γ was detectable in all of the immunized
pigs but was lower than the lowest detectable limit in all control
pigs (Figure 8C). These data indicated that NSP9-TMP9, as the
CTL epitope, could stimulate specific CTL immunity in swine.

DISCUSSION

CTL epitopes might be a requirement of optimal PRRSV
immunity for the control and treatment of PRRSV infection
(36, 37). In our study, a novel approach was used to select
PRRSV CTL epitopes, i.e., starting from a computer prediction
for PRRSV peptides, followed by in vitro complex refolding
with SLA-1∗1502, the analysis of the complex crystal structure,
the identification of SLA-1∗1502-restricted potential epitopes
from whole genomes of different PRRSV strains, and finally,

verification of the immunogenicity of SLA-1∗1502-restricted
PRRSV epitope.

The crystal structure of SLA-1∗1502 is the third to be solved
for an SLA-I allele. The crystal structure of SLA-1∗1502 exhibits
the typical structural characteristics of an MHC I complex. The
structure of SLA-1∗1502 is very similar to those of SLA-1∗0401
and SLA-3∗hs0202, indicating that the overall combination of
heavy chains, light chains, and peptides in the swine SLA-
I complex is highly conserved. However, in terms of peptide
binding, the SLA-1∗1502 structure not only reflects the common
features of SLA-I alleles but also exhibits unique allelic-specific
characteristics. Similar to the previously resolved SLA-1∗0401
and SLA-3∗hs0202, the N-terminus of the SLA-1∗1502 PBG is
open because the amino acid at position 167 of the A pocket is
a small Ser (Figure 2A), but in other species such as humans and
mice, the amino acid at this position is a large Trp (19, 20). The
peptide-binding motif of SLA-1∗1502, like that of SLA-1∗0401
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FIGURE 6 | Peptide predictions from different PRRSV strains according to the binding motifs of the pSLA-1*1502 complex. Genome-wide scanning results for
peptides matching the following motifs of the pSLA-1*1502 complex: X-(S/M/F/W/T/V/I/L)-(L/P/M/F/S/N)-X-X-X-X-X-(F/Y/W). Different proteins are indicated by
different colors. The number above indicates the sequence length of each protein. The non-apeptides matching the motifs of the pSLA-1*1502 complex from different
proteins are indicated by bars, and red indicates the conserved peptides in four PRRSV strains, including the first isolated strain VR2332 (GenBank accession #
EF536003.1); the low-virulence strain HB-13.9 (GenBank accession # EU360130.1); the highly pathogenic strain JXwn06 (GenBank accession # EF641008.1); and
the CHsx1401 strain, which was responsible for a recent epidemic in China (GenBank accession # KP861625.1).

and SLA-3∗hs0202, is determined by the three pockets B, D and F
together, while the HLA-I molecule is mostly determined by the
two pockets B and F. These common characteristics indicate that
SLA-I has its own unique species features in binding peptides. In
the B and F pocket composition, SLA-1∗1502 and SLA-1∗0401
are very similar, and only the non-critical amino acids in the
individual positions are different (Figure 3), resulting in a large
overlap of the anchoring residues accommodated in their B and F
pockets (20). In the structures of SLA-1∗0401 and SLA-3∗hs0202,
the D pocket plays a key role in fixing the bound peptides, with
a strong salt bridge between the charged residue 156 and the
P3 residue of the peptides (19, 20). The uncharged Met156 of
SLA-1∗ 1502 cannot form strong charge interactions with P3
residues similar to those observed for SLA-1∗0401 and SLA-
3∗hs0202 (Figure 4). Nevertheless, the D pocket is still important
in determining the peptide binding of SLA-1∗1502 and prefers
uncharged residues of a certain size to form sufficient VDWs. The
three p/SLA I structures indicate that regardless of its properties,
the D pocket is critical in determining the peptide-binding motif
of SLA-I, and this phenomenon is expected to be a common
feature among different SLA-I alleles.

SLA-1∗1502 was predicted in silico to present more PRRSV
peptide epitopes than other SLA-I alleles cloned from Landrace

pigs, and the in vitro refolding results confirmed that most of the
predicted PRRSV peptides could be bound by SLA-1∗1502. Four
typical PRRSV strains of the North American genotype were used
to screen SLA-1∗1502-restricted binding peptides. According
to the summarized peptide-binding motifs, approximately 90
peptides in each PRRSV strain could be presented by SLA-
1∗1502. These peptides are unevenly distributed in different
regions, with the NSP3/4/5 proteins encoded by ORF1a,
NSP9/10/11 encoded by ORF1b and GP2/3 exhibiting most of
the candidate peptide epitopes. Approximately one out of three
peptides are conserved among the four PRRSV strains, and
approximately half of these peptides are encoded by ORF1b of
RDRP. CTL-epitope-based vaccines present advantages in terms
of safety, specificity, and usability and are successfully used to
control many viruses, such as HIV, HPV, and dengue virus
(38–41). Although studies aimed at developing an anti-PRRSV
epitope-based vaccine have been performed, no mature product
is currently available (42–44). Our data indicated that RDRP
(especially NSP9/10/11) may be the best target for developing
a PRRSV vaccine to induce a CTL response to genetically
heterologous strains.

Tetramers of p/MHC I alleles are basic reagents that are
used in immunological studies (11, 45, 46). However, the
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FIGURE 7 | Production of the SLA−1*1502 tetramer. (A) The pSLA-1*1502-BSP complex with the NSP9-TMP9 peptide (solid line) and the biotinylated
pSLA-1*1502-BSP complex obtained by using the BirA enzyme (dashed line) were purified via chromatography with a Superdex 200 size-exclusion column. The
efficiency of purification for the complex was tested via SDS-PAGE. The pSLA-1*1502-BSP complex is shown in lane 1; sβ2m is shown in lane 2; and biotinylated
pSLA-1*1502 is shown in lane 3. (B) SDS-PAGE analysis of the effect of pSLA-1*1502-BSP biotinylation. The biotinylated pSLA-1*1502-BSP was mixed with
streptavidin MagneSpheres. Lane 1 contains the supernatant from biotinylated pSLA-1*1502-BSP that had reacted with streptavidin MagneSpheres. Lanes 2, 3, 4,
and 5 contain the supernatants from the first, second, third, and fourth washings of the streptavidin MagneSpheres, respectively. Lane 6 contains the supernatant of
streptavidin MagneSpheres boiled after washing the sample four times. (C) SDS-PAGE analysis of purified tetramers. Biotinylated pSLA-1*1502-BSP was mixed with
PE-labeled streptavidin and filtered with a 100 kDa Millipore tube. Lane 1, PE-labeled streptavidin; Lane 2, pSLA-1*1502-BSP tetramer >100 kDa; and Lane 3,
biotinylated pSLA-1*1502-BSP monomer.

absence of SLA-I tetramers limits effective and convincing
research on swine antiviral CTL responses, especially regarding
accurate quantitative research. In this study, the crystallized
NSP9-TMP9 peptide was used to produce the tetramer for
evaluating SLA-1∗1502-restricted CTL responses. The NSP9-
TMP9 epitope could induce CD8 and tetramer double-positive
CTLs at a rate of ∼0.5–1% in MLV+NSP-TMP9-immunized
pigs, similar to the results obtained for other known efficiently
protective viral CTL epitopes found in humans and mice
by FACS (47–49). Our results also showed that the MLV
used (produced by the VR2332 strain) could induce a CTL
response specific to PRRS. Somewhat disappointingly, we do not
have live PRRSV with which to challenge these swine groups
and evaluate the protection of MLV and NSP-TMP9 epitope.
However, NSP9-TMP9 was identified as an immunogenic
epitope that could stimulate the proliferation of specific CD8+

CTLs and the expression of IFN-γ in SPF Landrace pigs
bearing SLA-1∗1502 alleles. Immunization enhancement with

NSP9-TMP9 produces a specific CTL response similar to
that of immunization with MLV, indicating that the peptide
vaccine can produce effective immunoprotection and thus
that it is feasible to develop an effective PRRSV polypeptide
epitope vaccine.

In conclusion, we solved the crystal structure of SLA-1∗1502
and described its PRRSV peptide-binding map according to its
preliminary peptide-binding motif determined via biochemical
analyses. Using the tetramer of SLA-1∗1502, the immunogenicity
of NSP9-TMP9 was identified by FACS and the expression
of IFN-γ. The results increase our understanding of how to
acquire a viral CTL vaccine against swine PRRS disease. In
addition, this study provides a complete and credible method
for identifying SLA-I-restricted viral epitopes, demonstrating the
feasibility of peptide vaccines in antiviral immunity of swine.
Based on our experimental results, we encourage and promote
the development of a safe peptide vaccine that can effectively
activate CTL immune protection, solve the safety problems
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FIGURE 8 | Identification of the functional NSP9-TMP9 CTL epitope. (A) Immunization program for SPF pigs. Nine pigs expressing SLA-1*1502 were divided into
three groups: the MLV group, MLV+Peptide group and blank control group. The MLV and MLV+Peptide groups were injected with an attenuated PRRSV vaccine as
the first immunization. Seven days later, the MLV+Peptide group was injected with the NSP9-TMP9 peptide mixed with CFA, and the MLV group was injected with
MLV mixed with CFA as the second immunization. At day 14, the MLV+Peptide group was injected with the NSP9-TMP9 peptide mixed with IFA, and the MLV group
was injected with MLV mixed with IFA as the third immunization. Pigs in control group were injected with PBS, deionized water mixed with CFA, and deionized water
mixed with IFA. (B) NSP9-TMP9-specific CTLs stained with PE-labeled SLA-1*1502 tetramer and FITC-labeled anti-CD8 monoclonal antibody were detected via flow
cytometry. (C) The secreted IFN-γ contents of the control group and immunized group were measured via ELISA kit. The secreted IFN-γ content of the control group
was less than the lowest detectable limit (78 pg/mL).

caused by conventional attenuated vaccines, and provide new
ideas for controlling not only PRRS but also the extent of African
swine fever.
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