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The current circulating swine influenza virus (IV) subtypes in Europe (H1N1, H1IN2, and
H3N2) are associated with clinical outbreaks of disease. However, we showed that pigs
could be susceptible to other IV strains that are able to cross the species barrier. In this
work, we extended our investigations into whether different IV strains able to cross the
species barrier might give rise to different innate immune responses that could be asso-
ciated with pathological lesions. For this purpose, we used the same samples collected
in a previous study of ours, in which healthy pigs had been infected with a H3N2 Swine
IV and four different H3N8 IV strains circulating in different animal species. Pigs had
been clinically inspected and four subjects/group were sacrificed at 3, 6, and 21 days
post infection. In the present study, all groups but mock exhibited antibody responses
to IV nucleoprotein protein. Pulmonary lesions and high-titered viral replication were
observed in pigs infected with the swine-adapted virus. Interestingly, pigs infected with
avian and seal H3NS8 strains also showed moderate lesions and viral replication, whereas
equine and canine IVs did not cause overt pathological signs, and replication was barely
detectable. Swine IV infection induced interferon (IFN)-alpha and interleukin-6 responses
in bronchoalveolar fluids (BALF) at day 3 post infection, as opposed to the other non-
swine-adapted virus strains. However, IFN-alpha responses to the swine-adapted virus
were not associated with an increase of the local, constitutive expression of IFN-alpha
genes. Remarkably, the Equine strain gave rise to a Serum Amyloid A response in BALF
despite little if any replication. Each virus strain could be associated with expression of
cytokine genes and/or proteins after infection. These responses were observed well
beyond the period of virus replication, suggesting a prolonged homeostatic imbalance
of the innate immune system.

Keywords: pig, influenza, virus, innate immunity, cytokines

Abbreviations: FCS, fetal calf serum; PCR, polymerase chain reaction; OD, optical density; ODNG, oligodeoxynucleotides; PBS,
phosphate buffered saline; RT, reverse transcription; TcR, T cell receptor.
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INTRODUCTION

The first line of defense after viral infections is based on innate
immunity, which has the capacity to respond to pathogens
by sensing pathogen-associated molecular patterns (PAMPs)
through germline-encoded pattern recognition receptors. This
process leads to the production of several cytokines such as
type I (x and P) interferons (IFNs). These bind to the type I
IFN receptor to signal the induction of hundreds of interferon-
stimulated genes in the local uninfected and virus-infected cells,
thus creating an antiviral state that suppresses virus infection
and serves to promote the onset of adaptive immunity (1, 2).
Innate immune responses are crucial not only for blunting viral
replication in the first instance but also for orchestrating effective
adaptive immune responses. Therefore, a transient induction
of cytokines and chemokines is required for efficient antiviral
responses. However, overreacting and prolonged immune
responses may lead to undesired secondary effects, contributing
to immunopathology.

As for influenza virus (IV), the innate immune response may
vary between mild and severe infections, and include widely
different soluble innate immune inhibitors: sialic acid-based
inhibitors, Ca-dependent lectin inhibitors, anti-microbial pep-
tides, complement, natural IgM, IFNs, to name a few (3). Toll-like
receptors 3 and 7 (TLR-3 and TLR-7) have been found to play an
important role in influenza A virus recognition and initiation of
the immune response in human respiratory epithelial cells and
plasmacytoid dendritic cells (pDCs) (4). Activation of both TLRs
and cytoplasmic receptors leads to a potent type I IFN release
and simultaneous pro-inflammatory cytokine expression. Type
I IENs, IFN-y, and pro-inflammatory cytokines, such as inter-
leukin (IL)-1, IL-6, IL-8, IL-12, and tumor necrosis factor-alpha
(TNF-a), have been shown to be upregulated in lung tissue and
lung lavage after experimental infection of pigs with Swine IV
(5-7).

Three IV subtypes (HIN1, HIN2, and H3N2) are currently
circulating in swine herds in Europe (8-10) and have been asso-
ciated with disease occurrence and gross lesions in swine (11).
Also, pigs are susceptible to infection with low pathogenic and
highly pathogenic avian IVs (LPAIV and HPAIV, respectively)
(12). Most LPAIV subtypes diagnosed in field samples possess
a H1 or H3 hemagglutinin usually restricted to birds. HPAIV
are able to infect pigs under natural and experimental condi-
tions (12). Besides, it is well known that some IVs are able to
infect humans and pigs, as it was the case in the last HIN1 2009
pandemic infection (13, 14). In vitro, different IV strains can
interact with porcine dendritic cells (DCs) and induce sequen-
tial waves of cytokine production that are dependent on time
and virus strain (15). This effect could account for the different
immune responses generated by IV strains. On the other hand,
we have previously examined the potential of H3N8 IV from
canine, equine, avian, and seal origin to productively infect pigs.
Our results demonstrated that avian and seal viruses replicated
substantially and caused detectable lesions in inoculated pigs
without previous adaptation (16). However, no studies in vivo
have addressed whether innate immune responses of pigs to
swine-adapted and non-adapted IV strains might be different.

The above findings outline the main working hypothesis of our
study, which implies that Swine IV strains might give rise to
peculiar innate immune responses and time courses thereof in
pigs, clearly different from those triggered by other IV strains. In
order to answer these questions, samples from pigs infected with
a Swine (H3N2) and four different non-swine-adapted H3N8
IV strains circulating in different animal species (dogs, horses,
wild aquatic birds, and seals) from our previous study (16) were
analyzed and innate immune responses in the respiratory tract
were thoroughly investigated.

ANIMALS AND METHODS

Animals

In line with the above operational framework, six groups of pigs
(7-8 weeks old, Landrace X Pietrain, free from common patho-
gens) were housed in separate isolation rooms and adapted to
the new environment and stockmen over a 1-week period under
veterinary supervision. The animals used in our study were
seronegative at that time to Influenza A viruses by competition
Elisa (ID Screen® Influenza A Antibody Competition ELISA,
ID-Vet, France). Also, they had been always healthy and thrifty
before the present study.

Experimental Infection
The experimental infection of pigs with different IV strains was
described in our previous paper (16).

Pigs were infected with the following IV strains:

Group 1: 6 pigs, mock-infected.

Group 2: 12 pigs. A/swine/Spain/54008/2004 (H3N2), a Swine
IV strain.

Group 3: 12 pigs. A/equine/OH/1/03 (H3N8), an Equine IV
strain.

Group 4: 12 pigs. A/canine/NY/105447/08 (H3N8), a Canine IV
strain.

Group 5: 12 pigs. A/American black duck/Maine/44411-532/2008
(H3N8), an Avian IV strain.

Group 6: 12 pigs. A/Harbor Seal/New Hampshire/179629/2011
(H3N8), a Seal IV strain.

At day 0, each pig in groups 2, 3, 4, 5, and 6 was intratrache-
ally infected with 1 ml of virus suspension in PBS, containing
2 % 10° Chicken Embryo Infectious Doses 50% (EIDs) of the
corresponding virus strain. Animals were clinically inspected
on a daily basis. Rectal temperature and weight were measured
at the same times. Four pigs of each virus-infected group were
euthanized at day 3, 6, and 21 post infection (p.i.), respectively.
In the mock-infected group, two pigs were euthanized at each of
the same times.

Samplings and Postmortem Examination

Blood serum samples in vacuum tubes were collected from
jugular veins at day 0 and just before sacrifice at the aforemen-
tioned days. After sacrifice, bronchoalveolar fluids (BALF) were
collected by lung lavage with PBS, as described by Busquets
et al. (14). Briefly, the right lung of sacrificed pigs was used to
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perform a bronchoalveolar lavage (BAL) using around 100 ml
of PBS, and the left one was sampled for histopathological and
virological studies. A complete necropsy was performed. Lung
lesions were classified depending on the extent of pneumonia.
Mild lesions were recorded when affecting small areas (<2 cm?)
of cranial or medial lung lobes, moderate lesions when affecting
extended areas (2-5 cm?) of cranial or medial lobes, and severe
lesions when affecting large areas (>5 cm?) of cranial, medial,
diaphragmatic, and accessory lobes.

Histopathology

Samples from nasal turbinates, trachea, and lungs were collected,
fixed in 10% buffered formalin and processed for histopathology,
i.e., they were dehydrated through graded alcohols and embed-
ded in paraffin. The 3-um thick sections were cut, stained with
hematoxylin-eosin and examined in a “blind-fashion” manner.
In particular, we aimed to evaluate bronchiolar epithelial changes
and peribronchiolar inflammation in large, medium, and small or
terminal bronchioles, as well as inflammatory changes in alveoli.
In the lung, bronchointerstitial pneumonia intensity was assessed
by means of a semi-quantitative lesion score. The pathological
scores for tracheal and pulmonary tissues were as follows: 0: no
lesions, 1: mild lesions, 2: moderate lesions, 3: severe lesions.

Virus Detection in BALF

In order to check IV replication in the lower respiratory tract
of pigs, BALF samples collected from pigs killed at day 3, 6,
and 21 were tested for gene M of the influenza A virus using a
quantitative real-time PCR procedure (17). The sensitivity of
the test was equal to 10* tissue culture infectious doses 50%
(TCIDs)/25 microliters.

Serum Antibody

Anti-influenza A virus nucleoprotein (NP) antibody levels
were investigated in serum using the ID Screen® Influenza A
Antibody Competition ELISA (ID-Vet, France) following the
manufacturer’s instructions at days 0, 6, and 21 p.i. as previously
described (14). The threshold level was set at <50% of the OD
level observed in the control wells without any swine serum.
The kit detects antibodies against all Influenza A subtypes and
antigenic variants thanks to the use of a monoclonal antibody
against a highly conserved epitope of the Influenza A virus NP
and it was used with pig serum as previously described (13, 14)
to avoid background.

Clinical Immunology Parameters and

Cytokines in BALF
Acute phase proteins (APP) of pigs (Haptoglobin and Serum
Amyloid A, SAA) were investigated in BALF samples by com-
mercial colorimetric kits (Haptoglobin kit, Tridelta Development,
code TP801. Multispecies SAA ELISA Kit, Tridelta Development,
code TP802), according to the manufacturers’ directions.
Interferon-alpha was measured in BALF samples by two
different assays. First, a sandwich ELISA with monoclonal
antibodies (mAb) F17 and K9 to porcine IFN-alphal was used
as previously described (18). IFN-alpha was also measured by a

cytopathic effect inhibition assay on MDBK cells with vesicular
stomatitis virus (19). The test was calibrated with a preparation
of porcine recombinant IFN-al (PBL Biomedical Laboratories,
cat. 17100-1). The units of this preparation are determined with
respect to the international reference standard for human leuko-
cyte IFN (Ga-902-530) provided by National Institutes of Health
(Bethesda, MD, USA). This assay for porcine IFN-a in serum had
been also validated in a previous study (20). Identification of the
cytokine was performed by a neutralization assay on MDBK cells
of IFN a-positive BALF samples (21), using monoclonal antibody
(mAb) G16 to porcine IFN-al (Serotec, cat. MCA1935Z). The
assay was calibrated with porcine recombinant IFN-al.

Interleukin-6 and TNF-o were determined in BALF samples
by bioassays on 7TD1 and WEHI 164 cells, respectively, as
previously described (22, 23). Cytokine concentrations were
determined from a standard curve created with reference prepa-
rations of human recombinant IL-6 and TNF-a (Pierce Endogen,
Rockford, IL, USA).

Flow Cytometry

Immunophenotyping of BALF cells was carried out by flow
cytometry. This was performed using indirect labeling of cells by
hybridoma supernatants for CD3 (clone PPT3), CD172a (SWC3)
(clone 74-22-15a), and Swine MHC (SLA) II (clone 1F12) (24).
The antibody against Y8 TcR (clone PGBL22A) was purchased
from Euroveterinaria S.A. and the one against CD4 (clone
74-12-4) was purchased from Serotec S.A., both conjugated
with R-Phycoerythrin (PE). As for the hybridoma supernatants,
the concentration of antibody was empirically calculated after
titration of each preparation and the secondary antibodies were
either PE or APC-conjugated goat anti-mouse IgG (Jackson
ImmunoResearch, Suffolk, UK) used following the manufactur-
er’s instructions. Each primary antibody was compared with its
relevant isotype control in each sample using the same concentra-
tions. Briefly, 2.5 x 10° cells/50 pl/well were labeled for 1 h at 4°C
with 50 pl of each monoclonal antibody (relevant and irrelevant)
at a pre-established, optimal dilution. After 1-h incubation at 4°C,
cells were washed with cold PBS with 2% FCS by centrifugation at
450 X g, 4°C, 5 min. Then, the secondary antibody conjugated to
R-Phycoerythrin diluted 1:200 was added. Cells were incubated
for a further 1 h at 4°C, then washed as before and resuspended
in PBS with 2% FCS. Stained cells were acquired using FACSaria I
(Becton Dickinson®) and analyzed by software FACSDiva v.6.1.2.
A gating strategy was applied to living cells using their forward
and side scatter (FS/SS) characteristics. Staining with isotype
controls did not exceed 1% in all the samples.

Quantitative Real-time PCR Assays for

Cytokine Genes

Total RNA was extracted from BALF cells using RNeasy Mini
Kit (Qiagen, Milan, Italy) by the Qiacube System (Qiagen, Milan,
Italy) in accordance with the manufacturer’s instructions. The
protocol included a DNAse treatment for eliminating genomic
DNA. RNA concentration was evaluated by UV absorbance
(Biophotometer, Eppendorf, Milan). Three pl of RNA (10 ng/ul)
were added to the reaction mix for cDNA synthesis. This was
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performed in the presence of Random Hexamers as previously
described (25). Then, the expression of porcine IFN-a, IL-8,
IL-6, IL-1pB, and TNF-a genes was determined using the primer
sets shown in Table 1. The choice of the porcine IFN-a subtypes
shown in Table 1 was dictated by their important role in constitu-
tive expression of type I IFNs (26) and, therefore, by their possible
expression before IV infection. Porcine beta2-microglobulin was
used as housekeeping control gene (Table 1) to normalize the
test results at different sampling times. EvaGreen real-time PCR
amplification was performed over 40 cycles in a CFX96 real-time
system (Bio-Rad, Milan, Italy) as described by Razzuoli et al.
(27). In each sample, the relative expression of the selected genes
was calculated using the formula ACt = Ct (target gene)—cycle
threshold (Ct) (housekeeping), where Ct (cycle of threshold)
values were the mean of three test replicates 1 SD, as previously
described (28). Negative samples were given a Ct 40 fictitious
value for further statistical examination.

Statistical Analyses

Gene expression data (ACt values) obtained on BALF cells were
checked for normality by the Kolmogorov-Smirnov test. The
data sets passing the normality test were checked for significant
differences between time points (days 3, 6, 21 p.i.) by one-way
ANOVA for unpaired data, whereas the others were evaluated by
the non-parametric Kruskal-Wallis procedure (GraphPad Prism
5.03, GraphPadSoftware, San Diego, CA, USA). The threshold for
significance was set at P < 0.05.

Statistical analyses on flow cytometry data were carried out
using the SAS system V.9.1.3 (SAS institute Inc., Cary, NC, USA).
For all analyses, the individual pig was used as the experimental
unit. Shapiro WilK’s and Levene tests were used to evaluate the
normality of the distribution of the continuous variable and the
homogeneity of variances, respectively. A statistical analysis was
performed to study the association between the different vari-
ables with the different experimental groups at the different time
points (0, 3, and 21 days post-infection). To analyze the associa-
tion between continuous, normally distributed variables and the
different experimental groups, an ANOVA test was used at 0, 3,
and 21 days post-infection. Finally, a Wilcoxon rank-sum test was
used for the continuous, non-normally distributed variables at
the different time points.

RESULTS

Clinical and Postmortem Findings

No clinical signs were shown during the experimental pro-
cedure, such as fever, weight loss, anorexia, depression, nasal
discharge, or altered breathing. Temperature was not higher
than 40.5°C in any animal at any time point. There were no
traumatic lesions as a result of intratracheal virus inoculation.
Gross lesions were mostly shown by animals infected with the
swine IV, but some lesions were also detected in lungs from pigs
infected with other IV strains. Pulmonary lesions (Table 2)
were consistent with bronchointerstitial pneumonia at different

TABLE 1 | Oligonucleotide primer sequences for EvaGreen qRT real-time PCR amplification of porcine genes.

Gene Protein Primers GeneBank accession number
Interleukin (IL)-8 Porcine IL-8 F: 5'-TTCGATGCCAGTGCATAAATA-3' AB057440.1
R: 5’-CTGTACAACCTTCTGCACCCA-3'’
IL-10 Porcine IL-10 F: 5’-AGCCAGCATTAAGTCTGAGAA-3’ AM295341
R: 5’-CCTCTCTTGGAGCTTGCTAA-3’
IL-1p Porcine IL-1p F: 5-AATTCGAGTCTGCCCTGTACCC-3’ NM_001005149
R: 5-GCCAAGATATAACCGACTTCACCA
Tumor necrosis factor (TNF)-a Porcine TNF-a F: 5-TGCCTACTGCACTTCGAGGTTATC-3’ NM_214022.1
R: 5'-GTGGGCGACGGGCTTATCTG-3’
IFNA5/6 Porcine interferon (IFN)-a5/6 F: 5’-GCACAAATGAGGAGAATATCT-3’ DQ872658.1
R: 5-CCTCCTGAGTCTGTCTTG-3
IFNA7/11 Porcine IFN-a7/11 F: 5'-GGGACTTTGGATCCCCTCAT-3' GQ415065.1
R: 5'-GTGGAGGAAGAGAAGGATG-3’
IFNA9 Porcine IFN-a9 F: 5-GTGCTGCTCAGCTGCAAG-3' GQ415063.1
R: 5’-AGTCCTCCTCCAGCAGGGGC-3’
IFNA13 Porcine IFN-a13 F: 5’-ATCCTCAGCCCTCCTCAC-3’ NM_001164843.1
R: 5’-ATCCAAAGTCCCTTCTGT-3
IFNA16 Porcine IFN-a16 F: 5’-GTTCAGACCCACAGCCTG-3' NM_001164855.1
R: 5’-TCCTCCTGAGTCTGTCTTGC-3’
Beta2-microglobulin Sus scrofa, beta-2-microglobulin F: 5’-CGCCCCAGATTGAAATTGATTTGC-3' AB436775.1
R: 5’-GCTATACTGATCCACAGCGTTAGG-3’
IFNB Porcine IFN-B F: 5-AGTTGCCTGGGACTCCTCAA-3' JIN391525.1

R:

5-CCTCAGGGACCTCAAAGTTCAT-3
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TABLE 2 | Macroscopic lesions observed in controls and pigs inoculated
with different IVs.

Days p.i. Mock SwinelV EquinelV CaninelV AvianlV  Seal IV
3 00 25(0.6) 0.3(0.5 0.3(0.5 1.0(0.8 1.5(1)

6 00 20(0.8 05(0.6) 0.3(0.5 1.0(0.5 13(1.3
21 0(0) 1.0(0.8) 0.5(0.6) 05(0.6) 05(0.6 0.5(0.6)

Macroscopic lesions observed in mock and IV-infected pigs. Gross lesions were
classified depending on the extension of pneumonia (0-3). Data represent the average
for each group; SD is shown in brackets.

0 = absence of lesions, 1 = mild lesions, 2 = moderate lesions, 3 = severe lesions.

grades of severity (0-3). The pigs infected with Swine IV pre-
sented the highest level of severity followed by those infected
with Seal IV, Avian IV, and either Equine or Canine IV in
descending order.

Histopathology

Results are shown in Figure 1. Nasal turbinates sections did
not differ between IV and mock-infected animals. Tracheal
lesions of I'V-infected pigs consisted of variable grades (0-3)
of lymphoplasmacytic infiltration in the lamina propria. In
the most severe cases, focal ulceration of the mucosa with
fibrin deposition and neutrophilic infiltration was observed. A
lymphoplasmacytic infiltration was observed in the bronchioli
with extension to surrounding alveolar septa. In the most
severe cases, at day 3 p.i., necrosis of the bronchiolar epithe-
lium was observed with accumulation of necrotic cells in the
bronchiolar lumen and alveolar spaces. In agreement with the
gross lesion scores shown in Table 2, histopathological lesions
were much more severe in pigs of the Swine group at day 3 p.i.
followed by the animals infected with Seal or Avian IV. The
pigs infected with either Equine or Canine IV showed the least
severe lesions (Table 3).

IV Infection

To confirm the virological data (IV titration in embryo-
nated chicken eggs) shown in our previous paper (16), viral
replication was evaluated by quantitative real-time PCR on
BALF samples of animals sacrificed at days 3, 6, and 21 p.i.
(Figure 2). The swine-adapted IV actively replicated in the
pig respiratory tract at both day 3 and 6 p.i., as shown by Ct
values ranging from 21 to 33. Instead, we could detect only
one I'V-positive BALF sample in the Equine group at day 3 p.i.
with a Ct value of 35 and none in the Canine group, indicating
very little replication of those viruses. On the contrary, the
Avian and Seal virus strains showed a moderate replication at
day 3 in most pigs, with Ct values ranging from 33 to 37. One
animal from the Seal group was still IV-positive at day 6 p.i.
with a Ct value of 37. The above PCR data are in agreement
with IV titrations in embryonated chicken eggs, reported in
our previous paper (16).

Antibody Response

Total anti-NP antibody levels were measured by a competition
ELISA kit in serum samples from all animals at the beginning of
the assay (day 0), days 6, and 21 p.i. All animals were seronegative
at the beginning of the experiment (day 0, Figure 3). Also, no

antibody response was observed in mock-infected animals. On
the other hand, all IV-infected animals seroconverted (OD < the
threshold) by day 21 p.i. Most of them seroconverted by day 6 p.i.
in groups infected with Swine, Avian, and Seal viruses, whereas
the response was delayed in groups infected with the Equine and
Canine viruses (Figure 3).

Innate Immune Responses

The above findings confirmed a different invasiveness in pigs of
swine-adapted and non-adapted IV strains in terms of virus rep-
lication and pathological lesions. On this basis, we investigated
innate immune responses during IV infection in the respiratory
tract that might differ between pathogenic and non-pathogenic
IV strains in pigs.

Protein cytokine levels were measured in all animals from
all groups by different assays. Firstly, levels of IFN-o in BALF
were analyzed by ELISA. All samples were negative except those
collected from animals infected with Swine IV at day 3 p.i.
(Figure 4A). These findings were confirmed by a bioassay for
type I IFN on MDBK cells, and the specificity of the response
was confirmed by an IFN-neutralization assay based on a mAb
to porcine IFN-alpha 1 (data not shown).

There was only one pig (Sw-2) with a slight TNF-a response
in BALF at day 3 p.i. in the Swine IV-infected group. BALF
samples were always TNF a-negative in the other groups (data
not shown).

On the other hand, IL-6 was clearly detected at day 3 p.i. in
the BALF samples of Swine IV-infected pigs. In the other groups,
there was no significant difference with respect to mock animals,
with the exception of pig Se-4 in the Seal group (day 3 p.i.)
(Figure 4B).

The high IL-6 response in BALF of the Swine group at
day 3 p.i. led us to investigate haptoglobin and SAA in BALF
samples of the Mock, Swine, and Equine groups at day 3 p.i.
All the samples were haptoglobin-negative (<0.01 mg/ml). On
the contrary, all the Equine I'V-infected pigs were SAA-positive
(range: 2.9-5.8 mg/ml), as also was one sample of the Swine
group (4.7 mg/ml). All the other samples were SAA-negative
(<0.01 mg/ml).

Cytokine Gene Expression Studies

The expression of some cytokine genes was investigated by
quantitative real-time PCR on BALF cells. Results are shown in
Figure 5 and detailed hereunder. MOCK group: there was no
significant difference between the different sampling times for
each cytokine gene under study. SWINE group: there was no
significant difference of gene expression at the three time points.
Only tendencies (P < 0.10) were shown for IL-8, IL-10, and
IFN-gamma genes. EQUINE group: significant differences were
shown for IFNA9, IFN-gamma, and IL-10 genes. In particular,
at day 21 p.i., an increase was observed of IFN-gamma and
IL-10 and a decrease of IFNA9 gene expression. CANINE group:
significant differences were shown for IFNA5/6, IFNA7/11, and
IFN-gamma genes. At day 6 p.i., there was a downregulation of
IFNA5/6 and 7/11, as opposed to a significant increase of IFN-
gamma gene expression at day 21 p.i. No other significant change
of expression was detected. AVIAN group: there were significant
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FIGURE 1 | Histopathological analysis of lungs of pigs, at day 3 after infection with different IVs. (A) Negative control; (B) swine IV, moderate to severe
inflammation of the bronchioli and surrounding alveoli (bronchointerstitial pneumonia); (C) equine IV, no significant lesions; (D) canine IV, no significant lesions;
(E) avian IV, moderate bronchointerstitial pneumonia; (F) seal IV, mild to moderate bronchointerstitial pneumonia.

TABLE 3 | Histopathological analyses of tracheal and lung tissues from mock and IV-infected pigs.

Days p.i. Mock Swine IV Equine IV Canine IV Avian IV Seal IV

T L T L T T L T L T L
3 0(0) 0(0) 1.5(1) 2.3(0.5) 0.3(0.5) 0.5 (0.6) 0.3(0.5) 0(0) 1.3(0) 2(0.8) 1(1.2) 1.8(1.5)
6 NP NP 1.5(0.5) 0.3(1.3) NP NP NP NP 1.3(0.5) 0.5 (0.6) 1.5(1.3) 0.5 (1)
21 NP NP 0(0) 0(0) NP NP NP NP 0.8 (0.5) 0.8 (0.8 0.3 (0.5) 1.3(0.6)

T, trachea; L, lung, NF, not performed.

For each tissue, the pathological score varied from O to 3; data represent the average for each group (4 and 2 animals in IV and mock groups, respectively); the SD is shown in

brackets.

differences for IFNA5/6, IFNA13, IFNA16, and IFN-gamma
gene expression and tendencies for IFNA7/11 and IFNA9 genes.
In particular, a downregulation of these genes occurred at day
6 p.i. SEAL group: IFNA5/6 was downregulated at day 21 p.i,,
whereas IFN-gamma and IL-10 genes were upregulated at the
same time.

Immunophenotyping of Leukocytes

Based on the fact that local responses in BALF from Swine
IV-infected animals were different from those of the other
IV-infected pigs, we investigated whether there was any difference
in cells infiltrating the lungs of infected pigs (Figure 6). Therefore,
cellsfrom BALF were analyzed by flow cytometry to detect changes
among animals of each group. Swine IV-infected animals had
significantly more T cells (CD3+) at day 3 and 6 p.i. than the rest
of the infected groups (P < 0.05), and the highest concentrations
also corresponded to the appearance of alow concentration of the
vd T cell receptor phenotype. At day 3 p.i.,, yd T cell percentages
were significantly different from those of the other infected pigs
(P < 0.05). Also, only Swine I'V-infected animals showed a clear
increment of pDCs (defined as CD172a 4+ CD4 + cells) at day 6
p-i., with a statistical tendency (P = 0.06). No major changes were

detected concerning the surface expression of SLA-II or CD172
in BALF cells (data not shown).

DISCUSSION

In this study, the pathogenicity of IV strains with different
host specificity was characterized in swine in terms of clinical
symptoms and tissue lesions. Also, we aimed to define a possible
association between innate immune responses to IV strains, and
clinical and postmortem findings.

The main findings of our study are outlined in Table 4.
Despite wide variations among individual pigs, the IV strains
under study could be discriminated in terms of pathogenicity.
Our results confirmed a widely different replication of IV strains
in the lower respiratory tract of swine: the swine-adapted virus
replicated to a large extent, as opposed to the other IV strains
under study. These PCR results were fully in agreement with
virus titration results in our previous study (16). Interestingly,
the avian and seal H3N8 strains replicated more than the equine
and canine strains. Replication of the canine and equine strains
could have transiently taken place at days 1-2 post infection,
before the first sampling. This is consistent with low-grade
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FIGURE 3 | Antibody responses to different IV strains were investigated by means of a competition ELISA for the nucleoprotein antigen. The Y axis
indicates the percentage of OD with respect to the control reaction without any serum (100%). The horizontal dashed line corresponds to the test threshold, i.e.,
50% of the control OD value. Ab-positive sera show percentage values beneath the threshold. The X axis indicates the pigs under study at three sampling days p.i.
(0, 6, 21). Mo, mock-infected; Sw, swine IV-infected; Eq, equine IV-infected; Ca, canine IV-infected; Av, avian IV-infected; Se, seal IV-infected. Samples from day O
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postmortem lesions and histopathological analyses on samples
at day 3 p. i, as reported in Tables 2 and 3. These findings high-
light different invasiveness of Swine, Seal and Avian, Equine, and
Canine viruses, in descending order (Figure 2). The replication
to a higher level of Swine, Avian, and Seal IV was associated
with an earlier antibody response compared with groups Equine
and Canine (Figure 3), where a possible low-titered replication
could account for the late antibody response to NP. Also, we
cannot rule out that defective or partially assembled particles
in the viral inoculum could also have induced antibodies to NP,

and that different IV strains could elicit antibodies with different
reactivity in the assay. Please notice, however, that amino acid
identity of NPs with respect to swine-adapted IV was very high,
ranging between 92% (canine strain) and 97% (avian and seal
strains). Therefore, the combination of an Ab response to IV NP
with macro and microscopic lesions and the clear discrimination
from mock-infected animals indicate that pigs can be produc-
tively infected by H3N8 viruses, which is also in agreement with
the replication of both seal and avian H3N8 strain in tracheal
explants (16).
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FIGURE 4 | (A) Interferon (IFN)-a was investigated in bronchoalveolar fluids
(BALF) samples of Swine IV-infected pigs at day 3 p.i. by sandwich ELISA
with monoclonal antibodies F17 and K9 to porcine IFN-a1. Results are
shown in terms of Units/ml (mean + 1 SD) on the basis of a standard curve
created with porcine recombinant IFN-a1. IFN-a titers <1 U/ml were the
baseline in our assays. The BALF samples of mock and all other IV groups
were always IFN a-negative at all the time points. (B) Interleukin (IL)-6 was
measured in BALF samples by a bioassay on IL 6-dependent 7TD1
hybridoma cells. On the basis of both final number and viability of 7TD1 cells,
IL-6 concentration was determined from a standard curve created with a
reference preparation of human recombinant IL-6 (Pierce Endogen, Rockford,
IL, USA). Results are shown in terms of group average +1 SEM. The IL-6
concentration in the swine group at day 3 p.i. is significantly different
(one-way ANOVA, P < 0.05). Please notice that the result of the Seal group
at day 3 p.i. was accounted for by an outlier and three non-responder pigs.
Samples from day 3 p.i. are shown as gray bars, from day 6 p.i. as striped
bars, and from day 21 p.i. as black bars.

Most importantly, the pathogenic role of swine-adapted IV
strain was confirmed by both gross and histological lesions in
lungs, not induced by the other viruses under study. In turn, the
presence of lesions could be temporarily associated with local
innate immune responses in the lower respiratory tract (BALF
samples): IFN-« and IL-6 (Figure 4). These findings are in agree-
ment with those of other experimental infections of pigs with IVs
(5, 6). Moreover, previous results in our group showed that IFN-
a secretion was only detected in vitro when Swine I'V-infected
myeloid porcine DCs but not when other IVs from human or
avian origin were used (15). Interestingly, the IFN-a titers in
BAL fluids of swine IV-infected pigs were not associated with the
expression of IFN-a genes, in agreement with our previous data
in vitro (25) and another study in vivo (29).

But for one animal, the IL-6 local response in BALF samples of
the Swine group at day 3 p.i. was not in agreement with the pres-
ence of APP. Unexpectedly, SAA was clearly expressed in BALF

samples of the Equine group at day 3 p.i. This indicates that SAA
responses can be induced despite poor virus replication in the
lower respiratory tract. Also, the Equine strain widely affected
the expression of cytokine genes (see Figure 5). This result sug-
gests that innate immune responses can be triggered by some IV
strains regardless of their replication efficiency. Also, our findings
confirm the possible extrahepatic expression of APP observed in
other disease models (30).

The Swine IV strain also caused detectable changes of the
BALF-infiltrating leukocyte populations. In particular, some
CD4+CD172a+ cells were observed in BALF from Swine
IV-infected animals but not in BALF from the other IV groups.
These are considered pDCs in swine (31), and their main
function is the release of high levels of type I IFNs. This is in
agreement with the fact that IFN-a was only observed in BALF
samples of the Swine IV-infected group (Figure 4A). IFN-«a
was detected at day 3 p.i., whereas the increased prevalence
of pDCs was detected at day 6 p.i. This apparent discrepancy
could be explained by our detection limit for pDCs in BALF, as
a certain minimum concentration would probably be required
for detection by flow cytometry. Also, we do not rule out a dis-
tinct or overlapping release of IFN-a by alveolar macrophages
or other cells (e.g., epithelial cells) at an early time point after
infection.

Despite the lesions caused by the Swine IV strain, no disease
signs were observed. This result is in contrast with an experimen-
tal infection of pigs with a Danish HIN2 IV strain, which led to
the development of typical clinical signs of influenza (29). The
absence of clinical signs was probably associated in our study
with the reduced infectious challenge (2 X 10° EIDs), which was
necessary to standardize the challenge infection with IV strains
showing high or poor replication in embryonated chicken eggs
(16). Yet, our data are in agreement with the fact that many pigs
become infected with one or more IV subtypes without showing
clinical signs (32).

The gene expression data point at a crucial neglected issue: IV
strains seem to cause a long-term regulation of the innate immune
response, by far beyond the actual period of virus replication and
persistence in organs and tissues. Instead, the modulation of
cytokine genes was more related to tissue damages, as indicated
by the gross and hystopathological lesions persisting in some pigs
until day 21 p.i.

Retrospectively, earlier sampling of lung tissues and/or BALF
samples could have provided a more clear picture of cytokine
gene expression levels, which were probably in a descending
phase at day 3 p.i. after a possible major peak at day 1 (29). This
is particularly true of IFN-B, which is highly up-regulated for a
short time after IV infection (29). Indeed, our previous results
actually showed that IFN-f gene upregulation was only detected
8 h after Swine IV infection of myeloid porcine DCs in vitro (15).
This is also in agreement with its role as immediate-early type I
IFN gene in non-lymphoid cells (33).

Some innate immune responses were triggered by the swine-
adapted IV strain, only. Diverse IV strain-specific factors could
account for these responses, such as hemagglutinin receptor speci-
ficity and affinity, polymerase efficiency and activity of IV anti-IFN
proteins, which may show additive or synergistic interactions with
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the host’s immune system. On the basis of our previous results on
tracheal explants of pigs (16), components other than affinity for
sialic acid receptors of Swine IV strains are likely to account for
high innate immune responses. In particular, gross and histologi-
cal lesions are probably induced following recognition of PAMPs
of the swine-adapted IV strains and activation of the NLRP3
inflammasome (cryopyrin) (34). Such a response is probably
less intense after infection with other IV strains, which can be
accounted for by different causes: (A) amino acid changes of some
viral PAMPs. (B) Suppressive regulations by ODNs of non-swine
IV strains [as shown, e.g., for Porcine Circovirus 2 (35), and/or by
IFN-a subtypes with anti-inflammatory control activity (36)]. (C)
Third, the innate immune response to the swine-adapted IV could
be simply due to the much higher and/or quicker replication of
this strain. In this respect, viral replication measured by quantita-
tive real-time PCR correlated with the degree of lesions. Beyond

the above hypotheses, a biological explanation of the observed
results could be obtained by reverse genetics studies: changes or
disruptions should be engineered in the viral genome, and effects
of such alterations should be checked in vitro or in vivo.

On the whole, the emerging picture outlines a host/virus rela-
tionship characterized by a strict control of the innate immune
responses of pigs to non-adapted IV strains. The swine-adapted
ones can circumvent these controls, in the framework of a rapid,
effective, non Ab-dependent containment of the primary virus
infection in the lower respiratory tract. Interestingly, the uncompli-
cated exposure to the Swine I'V strain did not induce clinical signs
in our study. This finding points at a crucial role of the infectious
pressure caused by common pathogens on farm for disease onset.
This feature probably exerts additive and/or synergistic effects
with common environmental stressors (animal density, seasonal
changes, hierarchy fights after commingling) and genetic traits. As
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FIGURE 6 | Immunophenotyping of pig bronchoalveolar fluids (BALF) cells after mock and IV-infection. BALF cells of pigs were submitted to
immunophenotyping at the indicated times after mock or IV infection. Results are expressed in terms of percent marker-positive cells out of 10,000. (A) Gating
strategy for flow cytometry. Positive cells were considered as the percentage within the black circle in each plot as compared with each isotype control.

(B) Percentage of CD3-positive T cells. (C) Percentage of CD172-CD4, double-positive cells. (D) Percentage of y8 T cells. Samples from day 3 p.i. are shown as

TABLE 4 | Main findings of experimental IV infection in pigs.

v Modulation of cytokine gene expression in
strains bronchoalveolar fluids (BALF) cells®
Histopathological Replication Ab Interferon Interleukin SAA  BALF: cell IFN A5/6 IFN IFN IFN IFN IFN-y IL-10
lesions in lungs response (IFN)-a in (IL)-6 in in infiltrates A7/11 A9 A13 A16
(PCR) BALF BALF BALF
Mock - - - - - -
Sw ++ ++ ++ ++ ++ + ++2
Eq + + + - - ++ - + + +
Ca + - + - - - + + +
Av + + ++ - - - + + + +
Se + + ++ - - - + + +

aCD3 T cells, y8 T cells, plasmacytoid dendritic cells, as evaluated by flow cytometry.
bBased on ACt values at each time point.

aresult, fundamental components of the innate immune response
would be affected, and clinically overt influenza outbreaks could
take place on farm with full-blown clinical pictures.

ETHICS STATEMENT

All animal experiments were conducted at CreSA, Barcelona,
in compliance with the Ethical Committee for Animal
Experimentation of the institution (Universitat Autonoma de
Barcelona). The treatment, housing, and husbandry conditions
conformed to the European Union Guidelines (Directive 2010/63/
EU on the protection of animals used for scientific purposes).
Animal careand procedures wereinaccordance with the guidelines
of the Good Laboratory Practices (GLP) under the supervision
of the Ethical and Animal Welfare Committee of the Universitat
Autonoma de Barcelona (number of approval: 1189) and under
the supervision of the Ethical and Animal Welfare Committee of
the Government of Catalonia (number of approval: 5796).

AUTHOR CONTRIBUTIONS

MM supervised the entire study. ER performed real-time PCR
assays for cytokine genes and data analysis thereof. MB and

PM-O performed flow cytometry experiments and data analysis
thereof. DB, LC, and JM supervised sample collection, storage
and distribution, as well as cytokine, clinical immunology,
histopathology, and antibody assays. EF and CC performed real-
time PCR assays for IVs and data analysis thereof. AS, DP, MAB,
and GR provided scientific support. MA supervised clinical
immunology assays, cytokine protein assays, and the manuscript
writing.

ACKNOWLEDGMENTS

We would like to thank Dr. Jaime Maldonado and HIPRA,
Spain for the A/swine/Spain/54008/2004 (H3N2) influenza
virus; Dr. Dubovi and Cornell University for the A/Canine/
NY/105447/08 (H3NS8) influenza virus; Dr. Chambers and
University of Kentucky for the A/Equine/OH/1/03 (H3N8)
influenza virus; and Dr. Hon Ip and the US Geological Survey
National Wildlife Health Center for the A/American black duck/
Maine/44411-532/2008 (H3N8) and the A/Harbour Seal/New
Hampshire/179629/2011 (H3N8) influenza viruses. The authors
thank Sergio Lopez, David Solanes and Francisco X. Abad for
their help during the experimental infections as well as the
personnel in Cat3 laboratories and animal house. The authors

Frontiers in Veterinary Science | www.frontiersin.org

11

April 2017 | Volume 4 | Article 48


http://www.frontiersin.org/Veterinary_Science
http://www.frontiersin.org
http://www.frontiersin.org/Veterinary_Science/archive

Montoya et al.

Innate Immune Responses to Vs

also wish to thank Dr. I. L. Archetti (IZSLER, Brescia, Italy) for
the invaluable help in measuring some clinical immunology
parameters, Dr. L. Fraile (UdL, Spain) for assistance in statistical
analysis, Dr. ]. Dominguez (INIA, Spain) for porcine antibodies,
Dr. M. Gennari and Dr. M. Giunta (S.S. Genova, IZSPLYV, Italy)
for assistance in real-time PCR analyses. The skillful technical
assistance of Mrs. C. Mantovani (IZSLER, Brescia, Italy) is also
gratefully acknowledged.

REFERENCES

10.

11.

12.

13.

14.

15.

16.

Iwasaki A, Medzhitov R. Regulation of adaptive immunity by the innate
immune system. Science (2010) 327:291-5. doi:10.1126/science.1183021
Stetson DB, Medzhitov R. Type I interferons in host defense. Immunity (2006)
25:373-81. doi:10.1016/j.immuni.2006.08.007

. Tripathi S, White MR, Hartshorn KL. The amazing innate immune

response to influenza A virus infection. Innate Immun (2013) 21:73-98.
doi:10.1177/1753425913508992

Diebold SS, Kaisho T, Hemmi H, Akira S, Reis e Sousa C. Innate antiviral
responses by means of TLR7-mediated recognition of single-stranded RNA.
Science (2004) 303:1529-31. doi:10.1126/science.1093616

Van Reeth K, Van Gucht S, Pensaert M. Correlations between lung proinflam-
matory cytokine levels, virus replication, and disease after swine influenza
virus challenge of vaccination-immune pigs. Viral Immunol (2002) 15:583-94.
doi:10.1089/088282402320914520

Barbe E Atanasova K, Van Reeth K. Cytokines and acute phase proteins
associated with acute swine influenza infection in pigs. Vet J (2011) 187:48-53.
doi:10.1016/j.tvjl.2009.12.012

Khatri M, Dwivedi V, Krakowka S, Manickam C, Ali A, Wang L, et al. Swine
influenza HINI virus induces acute inflammatory immune responses in pig
lungs: a potential animal model for human HIN1 influenza virus. J Virol
(2010) 84:11210-8. doi:10.1128/JVI.01211-10

Van Reeth K, Brown IH, Durrwald R, Foni E, Labarque G, Lenihan P, et al.
Seroprevalence of HIN1, H3N2 and HIN2 influenza viruses in pigs in seven
European countries in 2002-2003. Influenza Other Respir Viruses (2008)
2:99-105. doi:10.1111/§.1750-2659.2008.00043.x

Maldonado J, Van Reeth K, Riera P, Sitja M, Saubi N, Espuna E, et al. Evidence
of the concurrent circulation of HIN2, HIN1 and H3N2 influenza A viruses
in densely populated pig areas in Spain. Vet ] (2006) 172:377-81. d0i:10.1016/j.
tvjl.2005.04.014

Baratelli M, Cordoba L, Perez L], Maldonado J, Fraile L, Nunez J1, et al. Genetic
characterization of influenza A viruses circulating in pigs and isolated in
north-east Spain during the period 2006-2007. Res Vet Sci (2014) 96:380-8.
doi:10.1016/j.rvsc.2013.12.006

Janke BH. Influenza A virus infections in swine: pathogenesis and diagnosis.
Vet Pathol (2014) 51:410-26. doi:10.1177/0300985813513043

Van Reeth K. Avian and swine influenza viruses: our current understand-
ing of the zoonotic risk. Vet Res (2007) 38:243-60. doi:10.1051/vetres:
2006062

Lange E, Kalthoff D, Blohm U, Teifke JP, Breithaupt A, Maresch C, et al.
Pathogenesis and transmission of the novel swine-origin influenza virus A/
HIN1 after experimental infection of pigs. ] Gen Virol (2009) 90:2119-23.
do0i:10.1099/vir.0.014480-0

Busquets N, Segales J, Cordoba L, Mussa T, Crisci E, Martin-Valls GE, et al.
Experimental infection with HIN1 European swine influenza virus protects
pigs from an infection with the 2009 pandemic HIN1 human influenza virus.
Vet Res (2010) 41:74. doi:10.1051/vetres/2010046

Mussa T, Ballester M, Silva-Campa E, Baratelli M, Busquets N, Lecours MP,
et al. Swine, human or avian influenza viruses differentially activates porcine
dendritic cells cytokine profile. Vet Immunol Immunopathol (2013) 154:25-35.
doi:10.1016/j.vetimm.2013.04.004

Solorzano A, Foni E, Cordoba L, Baratelli M, Razzuoli E, Bilato D, et al. Cross-
species infectivity of H3N8 influenza virus in an experimental infection in
swine. J Virol (2015) 89:11190-202. doi:10.1128/JV1.01509-15

FUNDING

The research leading to these results has received funding from:
the European Community’s Seventh Framework Programme
(FP7, 2007-2013), Research Infrastructures action, under the
grant agreement No. FP7-228393 (NADIR project), and from the
project AGL2010-22200-C02-01 of Spanish Ministry of Science
and Innovation.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Slomka M]J, Densham AL, Coward V], Essen S, Brookes SM, Irvine RM,
et al. Real time reverse transcription (RRT)-polymerase chain reaction
(PCR) methods for detection of pandemic (HIN1) 2009 influenza virus
and European swine influenza A virus infections in pigs. Influenza
Other Respir Viruses (2010) 4:277-93. doi:10.1111/§.1750-2659.2010.
00149.x

Diaz de Arce H, Artursson K, UHaridon R, Perers A, La Bonnardiere
C, Alm GV. A sensitive immunoassay for porcine interferon-alpha. Vet
Immunol Immunopathol (1992) 30:319-27. doi:10.1016/0165-2427(92)
90102-V

Meager A. Quantification of interferons by anti-viral assays and their
standardization. In: Clemens M], Morris AG, Gearing AJH, editors.
Lymphokines and Interferons, a Practical Approach. Oxford: IRL Press Limited
(1987). p. 129-47.

Artursson K, Wallgren P, Alm GV. Appearance of interferon-alpha in serum
and signs of reduced immune function in pigs after transport and installa-
tion in a fattening farm. Vet Immunol Immunopathol (1989) 23:345-53.
doi:10.1016/0165-2427(89)90146-3

Meager A. Antibodies against interferons: characterization of interferons
and immunoassays. In: Clemens M]J, Morris AG, Gearing AJH, editors.
Lymphokines and Interferons, a Practical Approach. Oxford: IRL Press Limited
(1987). p. 105-27.

Grenett HE, Danley DE, Strick CA, James LC, Otterness IG, Fuentes
N, et al. Isolation and characterization of biologically active murine
interleukin-6 produced in Escherichia coli. Gene (1991) 101:267-71.
do0i:10.1016/0378-1119(91)90422-8

Asai T, Okada M, Ono M, Irisawa T, Mori Y, Yokomizo Y, et al. Increased
levels of tumor necrosis factor and interleukin 1 in bronchoalveolar lavage
fluids from pigs infected with Mycoplasma hyopneumoniae. Vet Immunol
Immunopathol (1993) 38:253-60. d0i:10.1016/0165-2427(93)90085-1

Bullido R, Domenech N, Alvarez B, Alonso F, Babin M, Ezquerra A, et al.
Characterization of five monoclonal antibodies specific for swine class II
major histocompatibility antigens and crossreactivity studies with leukocytes
of domestic animals. Dev Comp Immunol (1997) 21:311-22. doi:10.1016/
S0145-305X(97)00008-6

Razzuoli E, Villa R, Sossi E, Amadori M. Characterization of the interferon-al-
pha response of pigs to the weaning stress. ] Interferon Cytokine Res (2011)
31:237-47. doi:10.1089/jir.2010.004 1

Razzuoli E, Villa R, Sossi E, Amadori M. Reverse transcription real-time PCR
for detection of porcine interferon alpha and beta genes. Scand J Immunol
(2011) 74:412-8. doi:10.1111/j.1365-3083.2011.02586.x

Razzuoli E, Villa R, Amadori M. IPEC-J2 cells as reporter system of the
anti-inflammatory control actions of interferon-alpha. J Interferon Cytokine
Res (2013) 33:597-605. doi:10.1089/ir.2012.0127

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) method. Methods (2001)
25:402-8. doi:10.1006/meth.2001.1262

Skovgaard K, Cirera S, Vasby D, Podolska A, Breum SO, Durrwald R, et al.
Expression of innate immune genes, proteins and microRNAs in lung tissue
of pigs infected experimentally with influenza virus (HIN2). Innate Immun
(2013) 19:531-44. doi:10.1177/1753425912473668

Skovgaard K, Mortensen S, Boye M, Poulsen KT, Campbell FM, Eckersall
PD, et al. Rapid and widely disseminated acute phase protein response after
experimental bacterial infection of pigs. Vet Res (2009) 40:23. doi:10.1051/
vetres/2009006

Frontiers in Veterinary Science | www.frontiersin.org

April 2017 | Volume 4 | Article 48


http://www.frontiersin.org/Veterinary_Science
http://www.frontiersin.org
http://www.frontiersin.org/Veterinary_Science/archive
https://doi.org/10.1126/science.1183021
https://doi.org/10.1016/j.immuni.2006.08.007
https://doi.org/10.1177/1753425913508992
https://doi.org/10.1126/science.1093616
https://doi.org/10.1089/088282402320914520
https://doi.org/10.1016/j.tvjl.2009.12.012
https://doi.org/10.1128/JVI.01211-10
https://doi.org/10.1111/j.1750-2659.2008.00043.x
https://doi.org/10.1016/j.tvjl.2005.04.014
https://doi.org/10.1016/j.tvjl.2005.04.014
https://doi.org/10.1016/j.rvsc.2013.12.006
https://doi.org/10.1177/0300985813513043
https://doi.org/10.1051/vetres:
2006062
https://doi.org/10.1051/vetres:
2006062
https://doi.org/10.1099/vir.0.014480-0
https://doi.org/10.1051/vetres/2010046
https://doi.org/10.1016/j.vetimm.2013.04.004
https://doi.org/10.1128/JVI.01509-15
https://doi.org/10.1111/j.1750-2659.2010.
00149.x
https://doi.org/10.1111/j.1750-2659.2010.
00149.x
https://doi.org/10.1016/0165-2427(92)
90102-V
https://doi.org/10.1016/0165-2427(92)
90102-V
https://doi.org/10.1016/0165-2427(89)90146-3
https://doi.org/10.1016/0378-1119(91)90422-8
https://doi.org/10.1016/0165-2427(93)
90085-I
https://doi.org/10.1016/S0145-305X(97)00008-6
https://doi.org/10.1016/S0145-305X(97)00008-6
https://doi.org/10.1089/jir.2010.0041
https://doi.org/10.1111/j.1365-3083.2011.02586.x
https://doi.org/10.1089/jir.2012.0127
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1177/1753425912473668
https://doi.org/10.1051/vetres/2009006
https://doi.org/10.1051/vetres/2009006

Montoya et al.

Innate Immune Responses to Vs

31.

32.

33.

34.

35.

Summerfield A, McCullough KC. Dendritic cells in innate and adaptive
immune responses against influenza virus. Viruses (2009) 1:1022-34.
doi:10.3390/v1031022

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

Marie I, Durbin JE, Levy DE. Differential viral induction of distinct interfer-
on-alpha genes by positive feedback through interferon regulatory factor-7.
EMBO ] (1998) 17:6660-9. doi:10.1093/emboj/17.22.6660

Sollberger G, Strittmatter GE, Garstkiewicz M, Sand ], Beer HD. Caspase-1:
the inflammasome and beyond. Innate Immun (2014) 20:115-25.
doi:10.1177/1753425913484374

Hasslung FC, Berg M, Allan GM, Meehan BM, McNeilly E Fossum C.
Identification of a sequence from the genome of porcine circovirus type 2
with an inhibitory effect on IFN-alpha production by porcine PBMCs. ] Gen
Virol (2003) 84:2937-45. d0i:10.1099/vir.0.19362-0

36. Zanotti C, Razzuoli E, Crooke H, Soule O, Pezzoni G, Ferraris M, et al.
Differential biological activities of swine interferon-alpha subtypes. J Interferon
Cytokine Res (2015) 35:990-1002. doi:10.1089/jir.2015.0076

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

Copyright © 2017 Montoya, Foni, Solérzano, Razzuoli, Baratelli, Bilato, Cérdoba,
del Burgo, Martinez, Martinez-Orellana, Chiapponi, Perlin, del Real and Amadori.
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) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Veterinary Science | www.frontiersin.org

13

April 2017 | Volume 4 | Article 48


http://www.frontiersin.org/Veterinary_Science
http://www.frontiersin.org
http://www.frontiersin.org/Veterinary_Science/archive
https://doi.org/10.3390/v1031022
https://doi.org/10.1196/annals.1373.014
https://doi.org/10.1093/emboj/17.22.6660
https://doi.org/10.1177/1753425913484374
https://doi.org/10.1099/vir.0.19362-0
https://doi.org/10.1089/jir.2015.0076
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Expression Dynamics of Innate Immunity in Influenza Virus-Infected Swine
	Introduction
	Animals and Methods
	Animals
	Experimental Infection
	Samplings and Postmortem Examination
	Histopathology
	Virus Detection in BALF
	Serum Antibody
	Clinical Immunology Parameters and Cytokines in BALF
	Flow Cytometry
	Quantitative Real-time PCR Assays for Cytokine Genes
	Statistical Analyses

	Results
	Clinical and Postmortem Findings
	Histopathology
	IV Infection
	Antibody Response
	Innate Immune Responses
	Cytokine Gene Expression Studies
	Immunophenotyping of Leukocytes

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	References


