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Abstract Since the highly pathogenic porcine reproduc-
tive and respiratory syndrome virus (HP-PRRSV) variant
emerged in 2006, it has caused death in more than 20
million pigs in China and other Southeast Asian countries,
making it the most destructive swine pathogen currently in
existence. To characterize the cellular responses to HP-
PRRSV infection, the gene expression profile of porcine
alveolar macrophage (PAM) cells, the primary target cells
of PRRSV, was analyzed in HP-PRRSV-infected and
uninfected PAMs by suppression subtractive hybridization.
After confirmation by Southern blot, genes that were dif-
ferentially expressed in the HP-PRRSV-infected and
uninfected PAMs were sequenced and annotated. Genes
that were upregulated mainly in HP-PRRSV-infected PAM
cells were related to immunity and cell signaling. Among
the differentially expressed genes, Mx1 and HSP70 protein
expression was confirmed by western blotting, and IL-8
expression was confirmed by ELISA. In PAM cells isolated
from HP-PRRSV-infected piglets, the differential expres-
sion of 21 genes, including IL-16, TGF-beta type 1
receptor, epidermal growth factor, MHC-I SLA, Toll-like
receptor, hepatoma-derived growth factor, FTHI, and
MHC-II SLA-DRBI1, was confirmed by real-time PCR. To
our knowledge, this is the first study to demonstrate
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differential gene expression between HP-PRRSV-infected
and uninfected PAMs in vivo. The results indicate that HP-
PRRSV infection excessively stimulates genes involved in
the innate immune response, including proinflammatory
cytokines and chemokines.

Introduction

Porcine reproductive and respiratory syndrome (PRRS),
characterized by reproductive failure in pregnant sows and
respiratory distress in pigs of all ages, continues to be one
of the most economically devastating diseases in the pig
farming industry worldwide since it emerged in North
America in 1987 [16]. PRRS virus (PRRSV), the causative
agent [22] of the disease, is an enveloped virus containing a
15.4-kb positive-strand RNA genome [23] and is a member
of the family Arteriviridae within the order Nidovirales [3].
The viral genome contains the following nine open reading
frames (ORFs): ORFla and ORF1b encode viral replicase
polyproteins, while ORF2a, ORF2b, and ORFs 3-7 encode
the viral structural proteins GP2, E, GP3, GP4, GP5, M,
and N, respectively [23, 33, 38]. There are two PRRSV
genotypes: North American and European (NA-type and
EU-type, respectively) [27].

In April 2006, a highly pathogenic PRRSV (HP-
PRRSV) emerged in China and spread quickly throughout
most of its provinces. Infection with this virus led to high
fever, high morbidity (50-100 %), and high mortality
(20-100 %) in pigs of all ages and caused more than two
million deaths [34, 35]. HP-PRRSV also affected pigs in
Vietnam, Thailand, and some other Southeast Asian
countries [1], causing great concern to the global swine
industry. The molecular mechanism underlying the sig-
nificantly enhanced pathogenicity of HP-PRRSV compared
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with the classical PRRSV isolated in China before 2006
remains elusive.

Macrophages, as important components of the innate
immune system, play key roles in clearing microbial
pathogens and maintaining host homeostasis through their
scavenger-like abilities. During a viral infection, special-
ized proteins expressed by host cells recognize viral
nucleic acids or proteins, thereby triggering signaling
pathways within the infected cell. PRRSV has a strict
tropism for cells of the monocyte/macrophage lineage.
Lung-resident porcine alveolar macrophages (PAMs) are
the primary target cells for PRRSV infection in vivo [32],
although macrophages isolated from the spleen, tonsils,
lymph nodes, and thymus can also support productive
PRRSV replication [9, 36]. Because of the importance of
PAM-PRRSV interactions during PRRSV infections,
investigating PAM responses may help to unravel how HP-
PRRSV causes increased pathogenicity of the virus in pigs.
In particular, we hypothesize that investigating which PAM
genes are differentially expressed before and during
infection with HP-PRRSV might help us to learn more
about the molecular basis of the disease. Genini et al.
previously evaluated the gene expression profile of innate
immune genes from PAMs infected in vitro with the
European PRRSV Lelystad strain using a porcine Chip
microarray and showed that a few innate immune genes
were upregulated, including the antiviral cytokine type I
IFN-f gene [10]. Because the biological effects of the
European strains are distinct from those of the North
American isolates, in a separate study, the transcriptomic
changes in PAMs infected with the North American
PRRSV VR2332 strain were also evaluated using serial
analysis of gene expression methodology, and very little or
no change was observed in the innate immune genes at any
time point following infection [25]. However, no study has
included a comprehensive analysis of the innate immune
changes induced specifically within PAM cells upon
infection with the highly pathogenic strain.

In this study, we constructed two cDNA libraries and
used the suppression subtractive hybridization (SSH)
method to investigate differentially expressed genes in HP-
PRRSV-infected or uninfected PAM cells and identified
some differentially expressed genes in vitro and in vivo.

Materials and methods

Ethics statement

Animal experiments were approved by the Harbin Veteri-
nary Research Institute of the Chinese Academy of Agri-

cultural Sciences. All procedures were conducted in
accordance with animal ethics guidelines and approved
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protocols. The Animal Ethics Committee approval number
is Heilongjiang-SYXK 2006-032.

Cells and virus

PAMs were obtained under sterile conditions from 6-week-
old PRRS antibody- and virus-negative Large White/
Landrace cross piglets as described previously [12, 37].
The cells were cultivated in RPMI 1640 medium supple-
mented with 10 % fetal bovine serum (Gibco BRL, Gai-
thersburg MD, USA) and 100 IU of penicillin and 100 mg
of streptomycin per mL in a humidified 5 % CO, atmo-
sphere at 37 °C. The HP-PRRSV strain HuN4 (GenBank
no. EF6350006), isolated in 2006 in China, was maintained
in our laboratory and was confirmed to be highly patho-
genic to piglets [35].

Construction of the SSH cDNA library

To determine the appropriate time point for extraction of
cellular RNA, we investigated the replication kinetics of
HP-PRRSV in PAM cells using PRRSV-specific quantita-
tive real-time RT-PCR. The primers and probe (forward,
5-AAATACAACGGCAAGCAGC-3'; reverse, 5-AGA-
CACAATTGCCGCTCACTA-3'; probe, FAM-CAAAAC-
CAGTCCAGAGGCAAGGG-BHQI1) correspond to the
conserved region of the PRRSV ORF7 gene. PAM cells
were freshly obtained from a donor pig, seeded onto a six-
well plate, and allowed to adsorb to the plate at 37 °C for
8 hours. The cells were then infected with the HuN4 virus
at a titer of 1000 copies/well. As an uninfected control,
cells were mock treated with sterile PBS and processed
exactly like the infected cells. Cells were harvested for
RNA extraction every 12 hours from 0 to 96 hours post-
infection (hpi) from both the uninfected control and the
PRRSV-infected cultures. Real-time RT-PCR was per-
formed using an Mx3000P Real-Time PCR System
(Genetimes Technology Inc.). The total volume of each
reaction was 25 pL, and the concentration of each primer
was 100 nM. A hot-start enzyme was used with the fol-
lowing PCR conditions: 50 °C for 2 min, 95 °C for
10 min, and 40 cycles of 94 °C for 30 s, 53 °C for 1 min,
and 72 °C for 30 s.

Total RNA from HP-PRRSV-HuN4-infected or control
PAM cells at 40 hpi (just before the peak of viral rep-
lication at 48 hpi) were extracted using an RNeasy Plus
Mini Kit (QIAGEN, Valencia, CA). cDNA libraries were
constructed by SSH using a PCR-Select™ cDNA Sub-
traction Kit (Clontech, USA) following the manufac-
turer’s protocol. Briefly, mRNA (2 pg) from control or
HP-PRRSV-infected cells was reverse transcribed into
cDNA. For the forward subtraction, cDNA from the
control cells was used as the driver, and cDNA from the
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HP-PRRSV-infected cells was used as the tester for
identifying upregulated gene expression. For the reverse
subtraction, cDNA from the control or HP-PRRSV-
infected cells was applied as the tester and the driver,
respectively, to detect downregulated gene expression.
All procedures, including cDNA synthesis, Rsa I diges-
tion, adaptor ligation, first and second hybridizations, and
first and second PCR amplifications, were performed
according to manufacturer’s instructions. The PCR pro-
ducts obtained from both the forward and reverse sub-
tractions were cloned separately into a pGEM-T vector
(Promega) and then used to transform E. coli DH5a cells
to establish different cDNA libraries. The transformed
bacteria were plated onto Luria-Bertani (LB) agar plates
containing ampicillin, isopropyl-B-D-thiogalactopyrano-
side and X-gal. After overnight incubation at 37 °C,
recombinant white colonies were randomly selected and
cultured in LB broth containing ampicillin, followed by
PCR identification.

Screening cDNA libraries by Southern blot analysis

Approximately 600 individual recombinant clones were
randomly chosen, and each individual clone was PCR
amplified using the same nested primers, followed by
analysis on a 2 % agarose gel. PCR products over 100 bp
were selected, and 200 individual clones from each
library were analyzed by Southern blotting. Each sample
from the forward- or reverse-subtracted cDNA libraries
was spotted onto two nylon membranes, one for each
membrane, in the same position. The avian reticuloen-
dotheliosis virus (REV) gp90 gene acted as a non-por-
cine-derived control. For denaturing purposes, each Kkit-
purified (Watson, Shanghai, China) PCR product was
mixed with the same volume of 0.6 N NaOH, denatured
for 10 min at 100 °C, and then chilled on ice. Each
denatured product was individually blotted onto a Ny-
tran® nylon membrane (Schleicher Schuell, Keene, NH)
in duplicate and fixed. DIG-labeled cDNA probes from
either the forward or reverse subtractions were prepared
separately using a DIG Random Labeling and Detection
Kit II (Jishide, Wuhan, China) according to the manu-
facturer’s protocol. The duplicate membranes were then
hybridized with either of the two probes, and the gray
density on the hybrid membranes was measured. Densi-
tometry scanning with a Disk Scanning Biological Fluo-
rescent Microscope (Olympus IX2-DSU) followed by
analysis with Image-Pro Plus 5.0 software (Media
Cybernetics, USA) was used to quantify the density value
of each sample dot. Samples hybridized to the tester
probe exhibiting values of two-fold or greater over the
control as determined by densitometry were considered
positive and were selected for further analysis.

DNA sequencing and gene annotation

Positive samples from the Southern blot analysis were
sequenced using an ABI PRISM 3370 DNA Sequencer at
Invitrogen Inc. (Shanghai, China). The sequences gener-
ated were subjected to Basic Local Alignment Search Tool
(BLAST) analysis using various online databases to iden-
tify the clones, as described previously [11]. These dat-
abases included the National Center for Biotechnology
Information nonredundant (NR) database (NR GenBank,
EMBL, DDBJ, and PDB) and the EST database (NR
GenBank, EMBL, and DDBJ EST divisions). Clone
redundancy was determined by sequence alignment using
Lasergene software (DNASTAR, Madison, WI). Classifi-
cation of gene function was done using the DAVID bio-
informatics resource [8, 13, 14], and gene interactions were
analyzed using Cytoscape software [6].

IL-8 quantification by ELISA

For quantitative determination of IL-8, the cell culture
medium from HP-PRRSV-HuN4-infected or noninfected
PAM cells was collected at 6, 24, 48, and 72 hpi. IL-8 was
detected using a commercial swine IL-8 ELISA kit
(Invitrogen) according to the manufacturer’s instructions.
The absorbance was read at 450 nm. The process was
repeated three times. Data were analyzed using unpaired
Student’s #-tests and expressed as the mean + SD (pg/mL).

Identification of Mx1 and HSP70 by western blot

Western blot analysis of Mx1 or HSP70 protein was carried
out using PRRSV-infected PAM cells. The cells were
harvested using lysis buffer containing 150 mM NaCl,
1 mM CaCl,, 25 mM Tris-HCI (pH 7.4), and 1 % Triton-
X-100 supplemented with a protease inhibitor cocktail
(Sigma). Total cell extracts (50 ng per lane) were separated
on a 12 % SDS polyacrylamide gel and transferred onto a
PVDF membrane. The Mx1 protein was visualized with a
polyclonal goat anti-Mx1 antibody (Santa Cruz Biotech-
nology, Santa Cruz, CA) at a 1:1000 dilution, and the
HSP70 protein was visualized with a mouse anti-HSP70
monoclonal antibody (Abcam) at a 1:100 dilution. Anti-
body—antigen complexes were detected with horseradish
peroxidase-labeled rabbit anti-goat IgG (Sigma) at a
1:8000 dilution. B-actin was detected with an anti-B-actin
antibody (Sigma) at a 1:5000 dilution, and the bound
antibodies were detected with horseradish-peroxidase-
labeled goat anti-mouse IgG (Sigma) at a 1:5000 dilution.
The membranes were incubated with ECL Western Blot-
ting Substrate (Pierce, Rockford, IL, USA) and analyzed
using the ImageQuant 350 imaging system (GE
Healthcare).
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mRNA analysis of differentially expressed genes
in infected piglets

Fifteen 6-week-old PRRS-antibody-negative and PRRSV-
negative pigs were randomly divided into two groups. Pigs
in group 1 (n = 6) were inoculated intramuscularly (1 mL)
and intranasally (2 mL) with the PRRSV HuN4 strain
(3 x 10*° TCIDs, per pig). Uninfected control pigs in
group 2 (n = 9) were inoculated by the same routes with
the same volumes of Dulbecco’s minimal essential medium
(Gibco BRL, Gaithersburg MD, USA). Animals were kept
in Biosafety Level 2 conditions and housed separately.
Clinical symptoms of infection, including reduced appetite,
coughing, and respiratory distress, were recorded daily, as
were rectal temperatures. Serum samples were collected at
0,3,5,7, 11, and 14 days postinfection (dpi) and were used
to detect viral titers by real-time RT-PCR as described
above.

To obtain PAM cells from infected piglets, the piglets
were euthanized at different dpi. In the infected group
(n = 6), three piglets were euthanized at 7 dpi, and the
remaining three at 14 dpi. In the uninfected group
(n =9), the piglets were euthanized at O dpi, 7 dpi and
14 dpi, respectively, using three piglets for each time
point. The right lung of each pig was used to prepare
PAM cells to detect up- and downregulated genes. The
left lungs were harvested, fixed in 10 % neutral-buffered

formalin, and routinely processed for histological
examination.
The mRNA expression levels of differentially

expressed genes were analyzed by real-time RT-PCR.
PAM RNA was extracted and reverse transcribed into
cDNA using oligo(dT) primers and a commercial
Primescript RT reagent kit (TaKaRa, Dalian, China).
RNA expression was quantified using a Perfect Real
Time quantitative RT-PCR kit (Takara) according to the
manufacturer’s instructions. For each gene detected,
double standard curves were established: one curve was
made using the glyceraldehyde-3-phosphate-dehy-
drogenase (GAPDH) housekeeping gene (used to nor-
malize the amount of cDNA present in each PCR
experiment), while the other curve was made using gene-
specific primers (Table 1). Real-time PCR was performed
using an Mx3000P Real-Time PCR System (Genetimes
Technology Inc.) as follows: 50 °C for 2 min (initial
step), 95 °C for 5 min, then 40 cycles at 94 °C for 30 s,
53 °C for 1 min, and 72 °C for 30 s. Relative changes in
gene-specific mRNA expression levels compared with the
uninfected control and normalized against GAPDH were
quantified by the 2742 method [19] using the instru-
ment settings.
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Results
HP-PRRSYV replication kinetics in PAM cells in vitro

The replication kinetics of HP-PRRSV in PAM cells were
evaluated to identify the appropriate time point to test for
changes in gene expression. Replication kinetics analysis
showed that the viral copy number gradually increased
from O to 48 hpi, reached its peak at 48 hpi, and then
decreased over the period of 48 to 96 hpi (data not shown).
Virally induced cytopathic effects were obvious in cultured
PAM cells at 48 hpi, and these effects continuously
increased in severity until 60 hpi, at which point the
infected cells began detaching from the cell culture plates
with increased frequency. Based on these results, we
selected the 40 hpi time point for analysis to enable total
RNA to be extracted from living PAM cells for SSH library
construction just before the peak of viral infection at
48 hpi.

cDNA library construction and screening

During SSH library construction, each step was validated
by PCR or agarose gel electrophoresis. Southern blotting
was used to evaluate the 200 samples obtained from each
of the forward- and reverse-subtracted libraries (Fig. 1);
the positive and negative controls produced the expected
results. From the 400 samples, 358 positive clones exhib-
iting a twofold or greater gray density value in comparison
to the control were identified with ~90 % subtraction
efficiency (358/400); 183 and 148 clones were derived
from the forward and reverse subtraction library, respec-
tively, and all positive clones were sequenced.

Gene annotation and assignment to categories of similar
gene function

To identify the up- or down-regulated genes that were
isolated by SSH screening, the 358 sequences were
imported into GenBank to search for homology to known
genes by BLAST analysis. Of the 183 clones from the
forward subtraction library, 151 were identified by their
homologous sequence, 15 matched EST sequences from
unknown genes, and 17 did not match any homologous
sequence. Of the 148 clones from the reverse subtraction
library, 101 were identified by their homologous sequence,
39 matched EST sequences from unknown genes, and 12
did not match any homologous sequence.

The frequencies of the differentially expressed genes in
the forward- and reverse-subtraction libraries were evalu-
ated (Table 2) and were classified into eight categories by
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Table 1 Primers used for real Gene Sequence (5' — 3') Annealing Size of
time RTTPCR detection of temperature product
differentially expressed genes (°C) (bp)
GAPDH CCTTCATTGACCTCCACTAC 55 320
GTTGTCATACTTCTCATGGTTC
Transforming growth factor beta TCTAGTTTCATTGCTTTG 52 257
type 1 receptor (TGFBRI1) gene AGCTCTCCCATATGGTCG
Agouti signaling protein GTTCCATCCATGTTGCTG 53 232
GACCTGGCAATCCCACTC
CC chemokine receptor genes GTTAATGAGTCTGACTGG 53 216
CATTTTCTTGGGCTGCTT
Epidermal growth factor CCACTCTTGGGCATGTAT 51 254
TTTCTGGCTCATTTCACT
Toll-like receptor gene GTGGCGCAGTGGTTAACG 57 191
CAGGCTAGGGGTTGAATC
TCR-alpha/delta chain genes TATTCCATGTTCCTGGAT 50 214
GAGAGTTATGCCTCCTGC
Mx1 CGAGGTACCAACTTACAT 51 240
GGCAAAAGACCTGAATAG
IL-8 AGCGTGGTCGCGGCCGAG 50 230
GGCAGGTACAGAATAAAG
Pig gender-neutral repetitive CAGTCAATCGGGATCCAT 55 229
DNA AGTGGATTTCATGCAGCG
MHC class I SLA genes ATATTCCCAGGGTTATGC 54 188
TGAGCTGTGGTGTAGGTC
IL-16 AGTTGCTGGAGTTCCCGT 57 214
GTTCCCAGGCTAGGGGTC
Adenylate kinase 3-like 1 AGGCTAGGGGTCGAATTG 54 243
(AK3LI) ACAGCAGCAAAAATTGAT
Ferritin heavy polypeptide 1, TGTCAAAGAGATACTCGG 53 232
FTH] ACCGGAGCGCGATGACTG
HSP70 AAGGCGTTCTACCCGGAGGAG 56 270
ACCCAAGTCGAAAATGAGCAC
Polyglutamine binding protein ACAATTCCACACAACATACGAG 56 206
variant 4 (PQBP1 gene) AGGGAGCGAGGAAGCGAAGAG
MHC class II antigen (SLA- GTGGATGAGTTCAGATGCACAG 54 198
DRBI) TCCTCAGACTCTCCTTTGCTTC
Skeletal muscle ryanodine GATTTACAAGGTTGTGATAATTTC 52 251
receptor CATCTCAGGTAACCCCTCCGTCTC
Fibrinogen alpha chain TTCCGTTCCATTTTAAAGCACCAC 55 236
preproprotein (FGA) gene TGCTCCACCAGATAAGAATGAACC
Mandelonitrile lyase GAGTTCTTGGCTGAAGTTGATGTG 55 239
TCTGAAGGTGGGAAAAGAAATG
apafl-like mRNA ACCAGGCCAATGAGGTAGACTTCC 55 243
TGACTGTGACACCCACATTCATTC
Hepatoma-derived growth factor CTTAATGTATTTTGGATATTAG 54 148

CAATAGGCAAAAGGAATCACATC
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Fig. 1 Southern blot analysis of differentially expressed genes
(partial genes). The denatured PCR products of differentially
expressed genes were dotted in duplicate onto two pieces of nylon
membrane at the same position. The membranes were analyzed using
DIG-labeled cDNA probes from either the (a) forward or the reverse
(a’) subtraction libraries. The unlabeled subtraction libraries that
served as positive controls were dotted onto the four corners of the
membrane (®, or <, according to which DIG-labeled probe was
used). The gp90 gene from the avian reticuloendotheliosis virus
(REV) was used as a non-pig-derived negative control (A)

gene function: metabolic, immune-related, cell signaling,
transcription/translation, cytoskeleton regulation, cell
adhesion and migration, ribosomal proteins, apoptosis/cell
proliferation/cell differentiation regulators, and other genes
(Table 2). The proportion of genes in each category was
also considered, and the immune, metabolic, and cell sig-
naling gene categories together represented approximately
70 % of the differentially expressed genes within these top
three gene families (Fig. 2a). After PRRSV HuN4 infec-
tion, 40 % of immune-related genes were upregulated in
PAM cells; additionally, infection also induced expression
of cell signaling, metabolic, and adhesion/migration genes
(Fig. 2b). In contrast, PRRSV HuN4 infection downregu-
lated genes related to ribosomal proteins, cytoskeleton
regulation, and apoptosis/cell proliferation/cell differenti-
ation (Fig. 2c¢).
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IL-8 production is increased in PAM cells upon HP-
PRRSV HuN4 infection

Because macrophages are capable of producing IL-8, using
ELISA, we investigated whether PAMs were able to
upregulate IL-8 production in response to HP-PRRSV
HuN4 infection. Indeed, the IL-8 concentration was sig-
nificantly higher than that of the uninfected control in PAM
cells after infection (p < 0.01), reaching 1113 pg/mL at 48
hpi and 1437 pg/mL at 72 hpi (Fig. 3).

Expression of innate immune Mx1 and HSP70 antiviral
proteins is increased in PRRSV-infected PAM cells

Expression of antiviral proteins known to be induced
within macrophages under viral infection conditions was
also analyzed by western blotting. mAbs targeting Mx1 or
HSP70 were used to analyze protein expression over time
in uninfected control cells or PRRSV-HuN4-infected PAM
cells. Mx1 (72 kDa) was detected in uninfected PAM
control cells and infected PAM cells, but its expression
level increased upon PRRSV HuN4 infection (Fig. 4).
Similarly, the HSP70 protein (70 kDa) expression level
also increased after PRRSV infection. Although the
expression levels of Mx1 and HSP70 showed a tendency to
decrease at the late stage of infection, the expression level
in the infected cells was higher than that in the uninfected
control cells.

mRNA expression level changes of differentially
expressed genes in PAM cells from HP-PRRSV
infected piglets

To determine if similar patterns of gene expression were
detectable in lung-resident PAM cells after in vivo infec-
tion with HP-PRRSV, we inoculated piglets with the
PRRSV HuN4 strain and evaluated signs of infection in the
piglets as well as gene expression levels in PAM cells
harvested directly from the infected piglets at various time
points after infection. Although all piglets had normal body
temperatures before the experimental infections were
administered, all infected piglets exhibited fever
(40.5-41.6 °C) beginning at 2 dpi (Fig. 5a) and showed
signs of anorexia, coughing, skin cyanopathy, shivering or
lameness. One infected piglet died at 11 dpi, and the
remaining piglets were euthanized at 14 dpi. Using quan-
titative RT-PCR analysis of the serum samples that were
harvested, viremia was found to start at 3 dpi (Fig. 5b).
Compared with the lungs from uninfected piglets (Fig. 5c),
severe proliferative interstitial pneumonia and massive
lymphomononuclear infiltration was evident in the lungs of
infected piglets (Fig. 5d). These results showed that piglets
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Table 2 Genes that were differentially expressed between uninfected PAM cells and those infected with HP-PRRSV strain HuN4. The genes
were functionally classified according to DAVID bioinformatics resource [8, 13, 14]

Category Number Identified gene Sequence Percent sequence identity Up (1) or
of clones length and GenBank accession number down ()
regulation
Metabolic
1 GBA gene for putative lysosomal glucocerebrosidase 447 bp Sus scrofa, 95 % (215/224), 1
precursor AJ575650.1
20 Agouti signaling protein 442 bp Sus scrofa, 90 % (275/303), 1
AB206998.1
11 Adenylate kinase 3-like 1 (AK3L1) 996 bp Sus scrofa, 91 % (235/258), 1
EF488234
8 Mandelonitrile lyase 1227 bp  Lilium longiflorum, 100 % (30/30), |
DQ907931
4 Nitric oxide synthase 1228 bp  Sus scrofa, 81 % (162/200), l
AF535216.1
4 Guanylate binding protein 1 (GBP1) 1228 bp  Sus scrofa, 81 % (166/204), l
EU259886.1
4 Galactoside-binding, soluble, 1 618 bp Sus scrofa, 99 % (364/365), l
NM001001867.1
2 Biotindase (BTD) gene 271 bp Homo sapiens, 84 % (187/221), l
AF018631.1
Immune related
6 Mxl 442 bp Sus scrofa, 89 % (271/302), 1
AB259856.1
15 Proliferation-inducing gene 15 (ferritin heavy 351 bp Homo sapiens, 85 % (263/309), 1
polypeptide 1, FTH1) XM001104405.1
31 T cell receptor alpha/delta chain gene 822 bp Sus scrofa, 85 % (529/619), 1
AB182374.1
2 IL-8 246 bp Sus scrofa, 99 % (206/207), 1
AB057440.1
1 IL-16 468 bp Sus scrofa, 90 % (227/251), 1
AB106555.1
15 MHC class I SLA genes 983 bp Sus scrofa, 92 % (253/275), 1
AJ251914
13 IFNARI gene, IFNGR2 gene and TMEMS50B gene 490 bp Sus scrofa, 95 % (244/256), 1
AM229679.1
1 CD3 zeta chain gene 785 bp Sus scrofa, 92 % (250/272), 1
AB188402.1
21 CC chemokine receptor 705 bp Sus scrofa, 93 % (242/258), 1
AP006184.1
1 MHC class II antigen (SLA-DRB1) mRNA 454 bp Sus scrofa, 100 % (118/118), l
DQ883227
1 Interleukin 2 receptor gamma 1225 bp  Sus scrofa, 81 % (211/258), !
AB092652.1
1 T cell receptor delta chain 521 bp Homo sapiens, 100 % (51/51), l
AM408131.1
Cell signaling
1 Tumor necrosis factor-like weak inducer of apoptosis 369 bp Sus scrofa, 86 % (237/275), 1
(TWEAK) EF624457.1
6 TRIM39, FLJ22638, GNL1, CAT56 genes 996 bp Sus scrofa, 88 % (248/279), 1
AB158488.1
10 TLR6, TLR1, TLR10 genes 735 bp Sus scrofa, 95 % (281/293), 1
AB210286.1
4 transforming growth factor beta type 1 receptor 828 bp Sus scrofa, 97 % (768/789), 1

(TGFBRI) gene

DQ519377.1
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Table 2 continued
Category Number Identified gene Sequence Percent sequence identity Up (1) or
of clones length and GenBank accession number down ()
regulation
1 RAG-1 gene for recombination-activating protein 1 447 bp Sus scrofa, 95 % (214/223), 1
AB091392.1
2 Pig alveolar macrophage-derived chemotactic factor- 246 bp Sus scrofa, 98 % (204/207), 1
I (AMCF-I) M99367.1
5 Protease serine 11 (IGF binding) 1202 bp  Sus scrofa, 94 % (605/643), 1
AJ853849.1
15 Myostatin gene 423 bp Sus scrofa, 96 % (371/384), 1
AY208121.1
10 Ataxia-telangiectasia mutated protein 423 bp Sus scrofa, 97 % (376/384), 1
AY587061.1
3 apafl-like mRNA 1218 bp  Danio rerio, 100 % (28/28), l
AM422109.1
2 Actin- related protein 2/3 complex, subunit 3 (Arpc3) 338 bp Homo sapiens, 93 % (279/297), !
NMO005719.2
2 TFF gene cluster for trefoil factor 443 bp Homo sapiens, 80 % (76/95), l
AB038162.1
3 Fibrinogen alpha chain preproprotein (FGA) gene 1212 bp  Homo sapiens, 87 % (56/64), l
AF361104.1
1 PACSIN2 521 bp Homo sapiens, 98 % (67/68), !
CR456536.1
Transcription/translation
1 Eukaryotic translation elongation factor 1 alpha 1 864 bp Sus scrofa, 99 % (821/826), 1
NM001097418.1
1 Polyglutamine binding protein variant 4 (PQBP1 1188 bp  Homo sapiens, 95 % (429/450), l
gene) AJ973596.1
1 Nuclear receptor subfamily 3, group C, member 2 1222 bp  Homo sapiens, 80 % (129/160), l
(NR3C2) EU326312.1
Cytoskeleton regulation
11 Skeletal muscle ryanodine receptor 693 bp Sus scrofa, 83 % (144/172), l
X69465.1
2 p21-Arc 338 bp Homo sapiens, 93 % (279/297), l
AF006086.1
Cell adhesion and migration
3 Kirrel, cdld genes for putative kin of IRRE-like 862 bp Sus scrofa, 90 % (262/288), 1
protein, CD1D antigen AB221036.1
6 ICAM3 735 bp Sus scrofa, 95 % (281/294), 1
AJ632303.1
15 Dopachrome tautomerase, glypican 6 1190 bp  Sus scrofa, 94 % (407/429), 1
AB280947.1
3 Nitric oxide synthase 1207 bp  Sus scrofa, 81 % (162/199), l
DQ469808.1
2 Mucin 4 (MUC4) 693 bp Sus scrofa, 91 % (92/101), l
DQ848681.1
Ribosomal proteins
1 Ribosomal protein S28 (RPS28) 375 bp Sus scrofa, 100 % (306/306), l
NMO001001587.1
3 Ribosomal protein S19 253 bp Sus scrofa, 98 % (226/229), l
AK?233857.1
1 Ribosomal protein S17 472 bp Sus scrofa, 100 % (391/391), l

NMO001001634.1
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Table 2 continued

Category Number Identified gene Sequence Percent sequence identity Up (1) or
of clones length and GenBank accession number down ()
regulation
Apoptosis, cell proliferation, and cell differentiation regulators
2 Galactose-binding lectin 618 bp Sus scrofa, 99 % (364/365), l
NMO001001867.1
Other proteins
1 Mitochondrial ATPase 6 285 bp Sus scrofa, 99 % (112/113), 1
AF250315.1
10 COX7A1, CAPNS1, CKAPI1 genes 785 bp Sus scrofa, 92 % (254/273), 1
AJ410870.1
2 Olfactory receptor 828 bp Sus scrofa, 97 % (768/790), 1
AB221038.1
6 Epidermal growth factor 753 bp Sus scrofa, 91 % (457/498), 1
AF079769.1
12 Beta-casein (csn2) gene 502 bp Sus scrofa, 97 % (232/238), 1
EU213063.1
1 Adiponectin receptor 1 (ADIPORI) 468 bp Sus scrofa, 89 % (235/264), 1
AY859427.1
1 Heat shock protein 70 541 bp Sus scrofa, 99 % (497/501), 1
X68213.1
1 Breed Chinese northeast wildboar mitochondrion 284 bp Sus scrofa, 98 % (233/236), l
AK230489.1

infected with the PRRSV HuN4 strain experienced the
effects of severe illness.

From the differentially expressed genes that were iden-
tified in the in vitro infection experiment, we selected 21
representatives to test in the PAM cells harvested from the
in vivo infections, including 14 upregulated and seven
downregulated genes. mRNA expression of the 21 genes
was analyzed by real-time PCR. Among the selected 14
upregulated genes, 13 were exposed at higher levels in PAM
cells from the infected piglets than from the uninfected mock
control at both 7 and 14 dpi; only ferritin heavy polypeptide
1 (FTH1) was reduced, which contrasts with the in vitro
result. Quantitatively, the differentially expressed genes
exhibited changes in the 1- to 5-fold range in the infected
pigs compared with the uninfected controls (Fig. 6).

Among the seven downregulated genes, six were
expressed at lower levels in PAMs from the infected piglets
than in PAMs from uninfected piglets at O dpi; only the
polyglutamine binding protein variant 4 (PQBP1) was
higher than at 0 dpi. Specifically, Toll-like receptors, IL-16,
TGF-beta type 1 receptor gene, agouti signaling protein
gene, TCR-a/f chain gene, CC chemokine receptor gene,
PQBPI, IL-8, epidermal growth factor gene, Ak3L1, MHC-I
SLA genes, Mx1, and HSP70 were upregulated in the
infected piglets compared with the uninfected control group
(p < 0.01). Genes encoding the hepatoma-derived growth
factor, skeletal muscle ryanodine receptor, apafl-like
mRNA, ferritin heavy polypeptide 1 (FTH1), fibrinogen

alpha chain preproprotein (FGA) gene, mandelonitrile lyase,
and MHC-II (SLA-DRB1) were downregulated (p < 0.01).

Discussion

In this study, we investigated changes in gene expression in
PAMs in response to infection with HP-PRRSV to better
understand the possible mechanism(s) underlying its
enhanced infectivity and pathogenicity. Here, the expres-
sion profiles of genes in HP-PRRSV-HuN4-infected PAM
cells were compared with their uninfected counterparts
using the SSH method, and 358 clones were identified and
verified by Southern blotting. Classification of these genes
according to their biological functions revealed upregu-
lated genes related to immune function (40 %) and cell
signaling (24 %) and downregulated genes related to
ribosomal proteins, cytoskeleton regulation, and apoptosis/
cell differentiation in the HP-PRRSV-infected PAM cells.

Among the 21 differentially expressed genes in PAM
cells harvested from piglets after in vivo HP-PRRSV
infection that were selected to be analyzed by real-time
RT-PCR, 19/21 (90.5 %) exhibited the same trends
observed by Southern blot analysis of PAM cells infected
in vitro. Specifically, 13 of the 14 genes that were upreg-
ulated in vitro were confirmed to increase, and 6 of the 7
downregulated genes were confirmed to decrease in PAM
cells after in vivo HP-PRRSV infection. The finding that
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Fig. 2 Functional classification of differentially expressed genes.
Genes were classified into eight groups based on their functional
similarity, including metabolic, immune-related, cell signaling,
transcription/translation, cytoskeleton regulation, cell adhesion and
migration, ribosomal proteins, apoptosis/cell proliferation/cell differ-
entiation regulation, and other genes. (a) Overall changes in the
differentially expressed genes. Among the eight categories, the top
three changes in gene expression were in the metabolic, immune-
related, and cell signaling categories. (b) Upregulated genes. Among
genes with upregulated expression, immune-related genes were the
most common. Only five categories exhibited upregulated gene
expression, excluding those whose function is unknown. (c) Down-
regulated genes. Among genes with downregulated expression,
ribosomal, cytoskeleton, and apoptosis/cell differentiation genes were
inhibited in PAM cells after infection with highly pathogenic PRRSV
in vitro

two genes did not follow the same trend observed in the
Southern blot analysis might result from differences
between the in vitro and in vivo infections, such as the
influence of other cell types or the time point after PRRSV
infection that was chosen for testing.
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Fig. 3 IL-8 protein expression. PAM cells were infected with the
highly pathogenic PRRSV HuN4 strain. Cell supernatants were
collected and assayed using a commercial ELISA IL-8 kit. Data are
expressed as the mean £ SD (n = 3). **, significant increase of IL-8
in HuN4-infected PAM cells compared with the uninfected control
(p < 0.01)

uninfected infected by PRRSV
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Fig. 4 Western blot analysis of Mx1 and HSP70 protein expression.
PAM cells infected with 100 TCID5, of PRRSV HuN4 were collected
at 6, 12, 24, 48, and 72 hpi to analyze the changes in Mx1 and HSP70
protein expression under infection conditions. Compared with the
uninfected control, Mx1 and HSP70 expression increased in the
PRRSV-infected PAM cells. The molecular weights of Mx1, HSP70,
and the B-actin loading control were 72 kDa, 70 kDa, and 42 kDa,
respectively. hpi, hours postinfection

During the process of verifying protein expression of the
differentially expressed genes, we confirmed that the rep-
resentative proteins Mx1, HSP70 (by western blot), and IL-
8 (by ELISA), were upregulated. Protein expression for
most of the genes identified was not evaluated, because
antibodies specifically recognizing these porcine proteins
were not available. Mx1 protein, induced by antiviral type I
IFNs, is responsible for mediating a specific antiviral state
against influenza virus infection in murine [30] and porcine
[29] hosts; it accumulates in the nucleus and inhibits
influenza virus replication at the level of primary tran-
scription [5]. In pigs, Mx1 expression was also found to be
upregulated after PRRSV infection in a peptide-conjugated
morpholino oligomer inhibition assay [28] as well as in
foot-and-mouth disease virus (FMDV)-infected nasal
mucosal epithelial cells in vitro and in vivo. Interestingly,
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FMDYV infection also induced IL-8 protein expression [7].
IL-8 and IFN-vy are linked to PRRS virus clearance [21].
IL-8, an important leukocyte chemokine, is produced by
monocytes and macrophages and primarily functions in
chemotaxis, inflammation, and neutrophil granulocyte
activation. In the present study, expression of the inflam-
matory cytokine IL-16 and CC chemokine receptor genes
(CCR3, CCR2, CCRS5, and CCRL2) was also induced after
PRRSV infection.
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The real-time PCR results indicate that PRRSV infec-
tion triggers TCR-o/f3, MHC class I, IL-8, IL-16, and Toll-
like receptor expression and turns off MHC class II
expression. MHC molecules are critical for antigen pro-
cessing, management, and presentation, and TCR-o/f
recognizes MHC molecules by their CDR1 and CDR2
domains. The data obtained in our study are consistent with
the different functions of MHC class I and II molecules,
because class II molecules mainly present exogenous
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Fig. 6 mRNA expression
levels of differentially
expressed genes in vivo
determined by quantitative real-
time RT-PCR at 7 and 14 dpi.
Data represent the average
values from three animals. Up-
or downregulated genes were
detected together with the
internal reference gene,
GAPDH, which was used to
normalize the amount of cDNA
in each PCR experiment. Gene
expression at 0 dpi was defined
to be 1, and gene expression at 7
or 14 dpi was calculated relative
to gene expression at O dpi.
Thirteen out of 14 genes were
confirmed to be upregulated,
and 6 out of 7 genes were
confirmed to be downregulated
in PAM cells from infected
piglets. Genes shown in red
were upregulated, and those
shown in green were
downregulated in the infected
piglets as compared with the
uninfected controls. dpi, days
postinfection

-5 0
0 dpi 7 dpi

antigen to CD4 + T cells, while class I molecules present
endogenous antigens to CD8+ cytotoxic T lymphocytes,
and these cells are known to be required for viral clearance
during viral infections.

Xiao et al. evaluated the lung response to either HP-
PRRSV or classical North American PRRSV infection
using whole lung tissue and found that an anti-apoptotic
and anti-inflammatory state was induced to subvert the host
innate immune response [39, 40]. Another recent study
revealed that HP-PRRSV infection induced gene expres-
sion related to cytoskeleton and exocytosis organization,
protein degradation and folding, intracellular calcium reg-
ulation, and zinc homeostasis in PAMs harvested from
infected piglets [41]. However, no comprehensive study
has been performed to investigate the innate immune
changes induced specifically within PAMs upon infection
with the highly pathogenic strain. SSH is a powerful
technique for comparison of two mRNA populations and
for obtaining genes exclusively expressed by one popula-
tion. SSH has overcome the technical limitations of tradi-
tional subtraction methods requiring several rounds of
hybridization and that are not well suited to identifying rare
mRNAs. Furthermore, SSH has become widely used
because of its simple operation, high efficiency, and low
false-positive rate [2, 18, 24, 26].
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The highly pathogenic 1918 Spanish influenza A virus
has been suggested to have triggered aberrantly high and
sustained expression of many of the above-mentioned
innate immune response genes in humans, including pro-
inflammatory cytokines and chemokines, which could have
contributed to the virulence of this pathogenic virus [4, 15,
17, 20, 31]. Compared with the highly pathogenic 1918
influenza A virus, the clinical and pathological features of
HP-PRRSYV are quite similar, including the high viral titers
caused by rapid viral replication, severe lung tissue damage
(bleeding, immune cell infiltration), and high morbidity
and mortality. Therefore, the data presented in the present
study suggest that the highly pathogenic PRRSV variant
may, to some degree, cause excessive stimulation of the
innate immune response.

In summary, the results from this study reveal that the
differential gene expression we observed between HP-
PRRSV-infected PAM cells and uninfected PAM cells is
mainly related to differences in cell signaling and innate
immunity. The results also indicate that HP-PRRSV
infection excessively stimulates innate immune response
genes, including proinflammatory cytokines and chemo-
kines. Further studies will be necessary to decipher the
roles of the differentially expressed genes in HP-PRRSV
infection that were identified in this study.
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