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ABSTRACT: Influenza is a common viral infection of 
pigs, yet relatively little is known about the transcriptional 
networks that contribute to variation in the susceptibility of 
pigs to the disease. An analysis of the lung transcriptome in 
‘Resistant’ and ‘Susceptible’ groups of pigs 48 hours post-
inoculation with influenza virus found 131 genes that were 
differentially expressed between the two groups. The ‘Sus-
ceptible’ pigs expressed higher levels of genes involved in 
processes associated with inflammation, such as the acute 
phase response, complement activation, and coagulation. 
The differential expression of a subset of these genes was 
confirmed by quantitative PCR. An analysis of the up-
stream regulators of the differentially expressed gene 
(DEG) set found that the cytokines IL-1beta, IL-6 and TNF-
alpha in particular were likely driving the pathology. Ther-
apeutic approaches that target these pathways could be ben-
eficial in alleviating the lung immunopathology associated 
with this disease.   
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Introduction 
 

Influenza A viruses infect a range of different spe-
cies, including pigs and humans (Crisci et al. (2013)). Alt-
hough these viruses are highly prevalent on pig farms 
across the globe, there had been little research into the in-
fection process in swine at the trasncriptomic level, perhaps 
because infection does not typically result in severe disease. 
However, the emergence of pandemic H1N1 during 2009 
served as a reminder of the zoonotic potential of these vi-
ruses, the possible “mixing vessel” role that swine can play 
in that process (Vincent et al. (2013)), and highlighted the 
need for more research into the pig response to influenza 
infection at the molecular level. Since then, transcriptional 
analyses into the host response to influenza infection in 
pigs, and how it differs to that in other species have been 
released (Li et al. (2011); Go et al. (2012)). The present 
study used an oligonucleotide microarray to compare the 
gene expression profiles of two groups of pigs that exhibit-
ed a difference in susceptibility to influenza pathology. The 
objective was to identify the pig genes and pathways that 
contribute to these phenotypic differences.   
 

Materials and Methods 
 

Animals.   Piglets for the study were sourced from 
a farm in Saskatchewan, Canada. Two healthy male piglets 
in good body condition and with birth weights close to the 
mean for their litter of origin were selected per litter, and 
transported at 4 weeks of age to an animal care facility at 

the University of Saskatchewan. All piglets were confirmed 
negative for antibodies to influenza by ELISA and hemag-
glutination inhibition, and negative for the virus by RT-
qPCR of nasal swab samples. Following a 5-day acclima-
tion period, 64 pigs were inoculated intratracheally with 1 × 
107 PFU of swine influenza virus strain 
A/swine/Texas/4199-2/98 H3N2 (TX98). During the chal-
lenge period, rectal temperatures were taken and animals 
were scored for clinical signs of respiratory disease twice 
daily. At 48 h after vaccination, pigs were euthanized by 
pentobarbital injection. The lungs were removed from each 
animal and the percentage of lung area affected by consoli-
dation was recorded. Tissue samples from each lobe were 
then snap-frozen in liquid nitrogen and stored at -80°C for 
gene expression profiling. ‘Resistant’ (RES) and ‘Suscepti-
ble’ (SUS) groups (n=6) were selected for further gene ex-
pression profiling experiments on the % consolidation (RES 
mean: 0% ±0; SUS mean: 27.67% ±11.57).     

 
Microarray Analysis. Total RNA was extracted 

from cranial lobe lung tissue using the All Prep DNA/RNA 
mini kit (Qiagen; Hilden, Germany). RNA quantity was 
assessed by spectrophotometry using a Nanodrop ND2000 
(Thermo Scientific; Waltham, USA). RNA quality was as-
sessed using an Agilent Bioanalyzer (Agilent Technologies; 
Santa Clara, USA). The mean RNA Integrity Number 
(RIN) sample value was 8.2 ± 0.09. 

 
For the microarray design, RNA from the cranial 

lobe of each individual was hybridized to a separate array 
together with a common reference (contained RNA from a 
panel of swine somatic tissues); involving a total of 12 hy-
bridizations. A 1 µg amount of total RNA was reverse tran-
scribed into cDNA, which was then used to synthesize anti-
sense RNA (aRNA) by reverse transcription. A 2 µg 
amount of aRNA was then labeled with either Cy3 or Cy5 
using the Universal Linkage System (ULSTM). These pro-
cesses were performed using the RNAmpULSe kit 
(Kreatech Diagnostics; Amsterdam, The Netherlands). La-
beled aRNAs were purified using the PicoPure RNA Isola-
tion kit (Life Technologies, Carlsbad, USA) and 825 ng of 
each dye-labeled aRNA was hybridized for 17 h to Porcine 
v2 Gene Expression Microarrays (Agilent Technologies). 
Microarray slides were washed (Gene Expression Wash 
Pack; Agilent Technologies) and then scanned on an Axon 
AL4200 scanner (Molecular Devices; Sunnyvale, USA). 
Hybridization signal intensities were quantified using 
GenePixPro v7.0 software (Molecular Devices). 

 
Differentially expressed genes (DEGs) were iden-

tified using the ‘limma’ bioconductor package (Smyth 



(2004)) in the program ‘Flexarray’. Background-subtracted 
raw expression data from each array were normalized with-
in array (using global loess) and between arrays (using 
scale normalization). The ‘limma simple’ algorithm was 
then applied to assess differential gene expression between 
‘Resistant’ and ‘Susceptible’ animals. P values were cor-
rected for multiple testing using the False Discovery Rate 
(FDR) method. Only genes with a 1.75-fold expression 
difference and an FDR <0.05 were designated as being dif-
ferentially expressed.   

 
Gene Set Enrichment Analyses. Gene symbols 

and expression ratios for the DEGs were imported into In-
genuity Pathway Analysis (IPA) software to identify bio-
logical functions and pathways that were enriched in that 
set of genes. The ‘Biological Process’ and ‘Canonical 
Pathways’ analyses used a right-tailed Fisher’s Exact Test 
to identify genes from processes and pathways that were 
enriched within the DEG set. An FDR threshold of ≤0.05 
was set for statistical significance. The ‘Upstream Regula-
tor’ analysis was used to identify molecules that are known 
to regulate the expression of genes in the DEG set. This 
analysis used a Right-tailed Fisher’s Exact Test and a sig-
nificance threshold of P<0.01. A Z score metric was also 
assigned to indicate the degree of consistency between the 
actual versus expected direction of expression change 
among the downstream target genes. A Z score of ≥2 was 
indicative of regulator activation; a score of ≤-2 of regulator 
inhibition. 

 
Validation of Microarray Results by RT-qPCR. 

Reverse Transcription Quantitative Polymerase Chain Re-
action (RT-qPCR) was carried out to validate the differen-
tial expression status of putative DEGs and selected other 
genes of interest from the microarray experiments. Primer 
sequences were designed either from the pig genome se-
quence (Sscrofa 10.2 assembly) or from porcine mRNA 
sequences, with the forward primer designed over an in-
tron/exon boundary where possible. One microgram of total 
RNA from each animal was used as template in a reverse 
transcription reaction (‘High capacity cDNA Reverse Tran-
scripion kit – LifeTechnologies; Carlsbad, USA). PCR as-
says were performed in duplicate using a 1/25 dilution of 
each cDNA as template. Reactions were carried out using 
Kappa SYBR Fast Master Mix (Kappa Biosciences; Oslo, 
Norway) and 200 nmol of each primer in a 20 µl volume. 
PCR conditions were 95°C for 20 s, followed by 40 cycles 
of 95°C for 3 s and 60°C for 20 s. Quantification cycle (Cq) 
values for each gene were determined using a ΔRn threshold 
of 0.2, and were normalized to that of the housekeeping 
gene 18S ribosomal RNA. Reaction efficiencies for each 
gene were determined from a standard curve. RT-qPCR 
data were analyzed using the Pfaffl method (Pfaffl et al. 
(2002)) in the Relative Expression Software Tool (REST) 
2009. A P value of <0.05 was set for statistical significance.         

 
Results and Discussion 

 
Transcriptomic Analysis.  A total of 131probes 

on the microarrays were found to be from genes that were 

differentially expressed between RES and SUS animals. 
Prominent among the 80 genes upregulated in the SUS 
group/downregulated in the RES group, were genes that 
participate in the inflammatory response. The most highly 
up-regulated gene was TCN1, whose protein is a major con-
stituent of the secondary granules of neutrophils. Another 
constituent of secondary granules, CHI3L1, was also up-
regulated. A number of pro-inflammatory cytokine genes 
were found to be upregulated, including CXCL2 and CCL2, 
chemoattractants for neutrophils and macrophages respec-
tively, and interleukin 6 (IL6). In addition, genes that func-
tion in other inflammation-associated processes such as 
complement activation (C1R, C1S, SERPING1), coagula-
tion (SERPINE1, ANXA8, THBS1), and tissue re-modeling 
(TIMP1, TNFRSF12A) were found. Several genes for nega-
tive regulators of inflammation were also found to be up-
regualted, such as the interleukin-1 beta antagonist (IL1RN) 
and stratifin (SFN), a negative regulator of several Toll-like 
receptor (TLR) signaling cascades. Two genes known to 
have direct antiviral properties were also upregulated in 
SUS animals: OASL and OAS2. 

 
Among the 51 genes that were downregulated in 

SUS group/upregulated in RES group were several compo-
nents of the electron transport chain: the mitochondrial-
encoded cytochrome B (CYTB) and NADH dehydrogenase 
subunits 4 and 5 (ND4 and ND5). In addition, several genes 
whose products are components of the protein translation 
machinery were also upregulated: RPL5, RPL11, and 
EEF1A1. One explanation for the apparent reduction in 
expression of these housekeeping genes in SUS animals 
could be that the switching on of inflammation-associated 
genes reduces the proportion of transcripts involved in these 
processes in the lung transcriptome. Only two genes with 
obvious immune functions were upregulated in RES ani-
mals, and both are involved in the allergic response: the 
immunoglobulin epsilon receptor gene FCER1A was the 
most down-regulated gene, and ENPP3 encodes an enzyme 
expressed in basophils and mast cells. Whether the expres-
sion of these genes contributes to a ‘resistance’ to influenza 
phenotype, or is merely a consequence of a change in the 
proportion of blood cell types in the lung due to the influx 
or neutrophils and macrophages in the lungs of SUS ani-
mals is unclear.  

 
Biological Function and Pathway Analyses.  The 

relevance of the inflammatory response to the SUS group 
was confirmed by the ‘Biological Process’ analysis in IPA, 
which found the annotation term ‘inflammatory response’ 
to be the most highly enriched among the set of DEGs 
(28/71 known genes annotated with this term). Other en-
riched processes were ‘cellular movement’, ‘organismal 
injury and abnormalities’ ‘hematological system develop-
ment and function’, and ‘immune cell trafficking’.  

 
The top canonical pathway enriched among the 

DEGs was the ‘Acute Phase Response Signaling’ pathway. 
The acute phase response is a systemic and non-specific 
response to infection that is initiated by pro-inflammatory 
cytokines, including IL-6. Ten DEGs mapped to this path-



way, including the acute phase protein ceruloplasmin gene 
(CP) complement components C1R and C1S, and the serine 
protease inhibitors SERPINE and SERPING, which were all 
upregulated. The other top 5 canonical pathways are all also 
linked to inflammatory processes. They are ‘Atherosclero-
sis Signaling’, ‘Complement System’, ‘Role of Hyperchy-
tokinemia in the Pathogenesis of Influenza’ and ‘Granulo-
cyte Adhesion and Diapedesis’. 

 
     The ‘Upstream Regulator’ analysis in IPA iden-

tified several pro-inflammatory cytokines as being activated 
in SUS animals, on the basis of transcriptional changes in-
duced in their target genes. These included TNF-α, IL-
1beta, interferon-γ, and IL-6. A network of the genes regu-
lated by IL-6, whose gene was itself found to be upregulat-
ed in SUS animals by microarray, is shown in Figure 1. It 
includes the previously mentioned acute phase response 
pathway genes SERPINE1 and CP, and the chemokines 
CXCL2 and CCL2.     

 

 
Figure 1: A Network of the DEGs Regulated by IL6  

 
 
RT-qPCR Validation of DEG Status.  RT-qPCR 

assays were successfully designed for 18 DEGs. The differ-
ential expression status of 15 of these genes was confirmed 
by RT-qPCR. For the other 3 genes, the direction of change 
in gene expression was consistent with what was observed 
by microarray, but results were not statistically significant. 
The linear relationship between the microarray and RT-
qPCR gene expression profiling results for the 18 DEGs is 
shown in Figure 2. The two variables have a Pearson corre-
lation coefficient of 0.956, and the slope of the linear re-
gression line is 0.919. These data support the general validi-
ty of the array findings and confirm the differential expres-
sion of many of the specific DEGs discussed in the previous 
results section. 

 
Additional RT-qPCR assays were designed for the 

cytokine genes IL1B, IL8, IFNG, IFNA, and IFNB1 that are 
known to play a role in the innate immune response to in-
fection, but were not identified as being differentially ex-

pressed by microarray analysis. IL8 and IFNB1 were both 
upregulated in the SUS group, but none of the other genes 
were differentially expressed between the two groups. In 
the case of IL1B, it may be that an increase in the expres-
sion of its antagonist’s gene, IL1RN, has successfully re-
sulted in a dampening down of its expression from a previ-
ously higher level. 

 

 
Figure 2: Correlation of Microarray and RT-qPCR 
Gene Expression Data 

 
 

Conclusion 
 

These gene expression profiling experiments 
found definitive differences in the lung transcriptomes of 
animals classified as being either resistant or susceptible to 
influenza infection. The expression profile of SUS pigs was 
characterized by an upregulation of genes that participate in 
the inflammatory response and associated biological pro-
cesses. This underscores the important role that inflamma-
tion plays in the pathogenesis of influenza infection, and 
may indicate that drugs targeting the signaling networks 
that control the inflammatory response could be successful 
in reducing the severity of disease. None of the genes up-
regulated in RES animals had obvious antiviral functions. 
Indeed, all of the antiviral genes identified were upregulat-
ed in the SUS group. This could indicate that their expres-
sion at this stage of the infection is not associated with a 
resistant phenotype, and is rather indicative of the contin-
ued presence of influenza virus in the lung. However, it is 
possible that variation in the expression of these genes ear-
lier in the infection process could contribute to a disease 
resistance phenotype.  
 

Literature Cited 
 

Crisci, E., Mussá, T., Fraile, L. et al. (2013). Mol. Immunol. 55: 
200-211  

Vincent, A., Awada, L., Brown, I. et al. (2014). Zoonoses Public 
Health. 61(1): 4-17 

Li, Y., Zhou, H., Wen, Z. et al. (2011). BMC Genomics 
Go, J., Belisle, S., Tchitchek, N. et al. (2012). BMC Genomics. 

13:627 
Smyth, G. (2004). Stat. Appl. Genet. Mol. Biol. 3:Article 3 
Pfaffl, M. (2001). Nucleic Acids Res. 29(9):e45  
 


