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Abstract

Porcine cytomegalovirus (PCMV) is a major immunosuppressive virus that mainly
affects the immune function of T lymphocytes and macrophages. Despite being
widely distributed around the world, no significantly different PCMV serotypes have
been found. Moreover, the molecular immunosuppressive mechanisms of PCMV,
along with the host antiviral mechanisms, are still not well characterized. To
understand the potential impact of PCMV on the function of immune organs, we
examined the transcriptome of PCMV-infected thymuses by microarray analysis.
We identified 5,582 genes that were differentially expressed as a result of PCMV
infection. Of these, 2,161 were upregulated and 3,421 were downregulated
compared with the uninfected group. We confirmed the expression of 13
differentially expressed immune-related genes using quantitative real-time RT-
PCR, and further confirmed the expression of six of those cytokines by western
blot. Gene ontology, gene interaction networks, and KEGG pathway analysis of our
results indicated that PCMV regulates multiple functional pathways, including the
immune system, cellular and metabolic processes, networks of cytokine-cytokine
receptor interactions, the TGF-f signaling pathway, the lymphocyte receptor
signaling pathway, and the TNF-a signaling pathway. Our study is the first
comprehensive attempt to explore the host transcriptional response to PCMV
infection in the porcine immune system. It provides new insights into the
immunosuppressive molecular mechanisms and pathogenesis of PCMV. This
previously unrecognized endogenous antiviral mechanism has implications for the
development of host-directed strategies for the prevention and treatment of
immunosuppressive viral diseases.
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Introduction

Porcine cytomegalovirus (PCMYV) is a member of the genus Roseolovirus,
subfamily Betaherpesvirinae, and family Herpesvirus. It has a 128,367 bp linear
double-stranded DNA genome, containing 79 open reading frames (ORFs), and
its viral particle diameter is 150-200 nm [1]. Viruses of genus Cytomegalovirus are
widely distributed in nature and have strict host specificity; for example, PCMV
only infects pigs. PCMV has been documented worldwide, with pig farms in Japan,
Europe, North America, and China having an average infection rate of 90% [1-2].
Interestingly, no distinct PCMV serotypes have been identified. PCMV spreads by
both vertical and horizontal transmission, and a recent study showed that PCMV
was present in pig semen, indicating that the virus can spread through mating [3].

PCMV can remain latent in adult pigs, but active infection causes fatal systemic
failure in piglets less than 3 weeks of age. The clinical symptoms of infected piglets
include pneumonia and inclusion body rhinitis, and there is a high mortality rate.
PCMV-infected sows are prone to abortion, with pathological changes including
edema in the heart, lungs, lymph nodes, and mesocolon [2].

In recent years, because of the shortage of human organ donors, xenotrans-
plantation has become an emergency alternative option. Because pigs are the
major donors for xenotransplantation, a variety of porcine viruses have become a
threat to the human recipients. Porcine endogenous retroviruses and porcine
lymphotropic herpesvirus 1 and 2 have previously been identified as major
concerns for organ transplantation; however, the ubiquitous nature of
herpesviruses, including PCMV, means that these viruses are now a major focus in
the development of xenotransplantation technology [1,4,5].

PCMV inhibits host immune function and defense mechanisms, particularly
the action of T lymphocytes. Like porcine reproductive and respiratory syndrome
virus, PCMV uses alveolar macrophages as target cells, and a recent study showed
that PCMV infection can promote the occurrence of porcine reproductive and
respiratory disease [6].

Microarray technology is used to monitor target molecules by detecting the
intensity of hybridization signals, and it is capable of both high-throughput and
high sensitivity. It can detect transcriptional level changes in entire host genomes
in response to pathogens, allowing a more detailed understanding of the
molecular mechanisms of host-pathogen interactions during viral infection [10—
12]. Although a series of transcriptome profiles have been generated for the host
in response to herpesvirus family infections, a specific transcriptome analysis of
the host following PCMV infection that focuses on the immunosuppressive
molecular mechanisms of PCMV is still lacking [7-9].

The current research used the Agilent Pig 4 x 44K Gene Expression Microarray
v2 to comprehensively analyze differences in the transcriptomes of the thymuses
of pigs infected with PCMV compared with those of control pigs. The expression
of a group of immune-related genes identified by the microarrays was confirmed
by quantitative RT-PCR (qPCR) and western blot. The results of this study further
both our understanding of the genes involved in the porcine immune response to
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PCMYV and the pathogenesis of PCMV, and they will contribute to the prevention
and treatment of immunosuppressive viral diseases.

Results

Confirmation of PCMV infection

All piglets inoculated with the PCMV SC strain showed clinical symptoms of
weakness, fever, rhinitis, and conjunctivitis from 7 days post inoculation (dpi).
The PCMYV infection induced pulmonary edema, pleural effusion, splenic
infarction, and surface bleeding of the kidneys (Fig. S1). Biopsies of PCMV-
infected piglets showed dilatation and congestion of alveolar capillaries and
significantly swollen hepatocytes, while the hepatic sinusoids were completely
absent. We also found increased numbers of splenic macrophages, decreased
numbers of lymphocytes, and granular degeneration of tubular epithelial cells in
PCMV-infected piglets (Fig. 1). In contrast, we observed no significant
pathological changes in the uninfected piglets (Fig. 1). Serological tests showed
that all PCMV-inoculated piglets were antibody-positive, while the uninfected
piglets showed a negative serum antibody response. We also quantified the PCMV
RNA in the tissues using qPCR. The viral loads of the thymuses from the two dead
PCMV-infected piglets were 4.72 x 10’ copies/mg and 8.43 x 10’ copies/mg. No
viral load was detected in the thymuses from the control group. These results
confirmed successful infection of the PCMV-inoculated pigs.

Transcriptome analysis of the immune organs in response to
PCMYV infection

The microarray analysis showed a significant host response to PCMV infection
compared with the uninfected controls. To confirm differential expression of the
host genes identified by the microarray, we performed fold-change filtering between
the two samples (default threshold was fold change >2.0). We identified 15,527 genes
in the microarray analysis (Table S1) (NCBI GEO Accession: GSE59115, ID:
200059115). PCMYV infection resulted in 2,161 upregulated and 3,421 downregulated
genes compared with the uninfected group (Table S2). The results from the quality
assessment of the gene data after filtering are shown in Figs. 2-3 and Fig. S2.

The differentially expressed genes were functionally annotated based on gene
ontology (GO) (www.geneontology.org). The results showed that the differentially
expressed genes were associated with cellular components, molecular functions,
and biological processes. The GO category analysis revealed that the upregulated
genes fell into the following categories: inflammatory responses (e.g. interleukin 1
beta), stimulus responses (e.g. bone morphogenetic protein 2 and transforming
growth factor beta 2/3), metabolic processes (e.g. thrombospondin receptor and
serine dehydratase), and protein binding (e.g. cytoplasmic cochaperone 1). The
main GO categories for the downregulated genes were cellular processes
(including cellular metabolic processes, cellular processes involved in reproduction,
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Figure 1. Pathological section examination. A—E: Control porcine (A) lung, (B) liver, (C) spleen, (D) kidney, and (E) thymus tissue sections. F—J: PCMV-
infected porcine (F) lung, (G) liver, (H) spleen, (I) kidney, and (J) thymus tissue sections.

doi:10.1371/journal.pone.0113921.9001

regulation of cellular processes, and organelle organization, e.g. aprataxin), immune
system processes (e.g. Sp3 transcription factor, interleukin 6, and toll-like
receptors), metabolic processes (e.g. aprataxin, mutL homolog 1, and cathepsin D),
and regulation of biological process (e.g. upstream transcription factor 1 and toll-
like receptor 2) (Fig. 4 and Table S3).

To further elucidate the function of the differentially expressed genes in the
porcine thymuses after PCMV infection, a Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis was performed. In total, 143 over-represented
pathways were identified, suggesting that these signaling pathways are regulated
by the differentially expressed genes during virus infection (Table S4). The
differentially expressed genes were mainly associated with the chemokine signaling
pathway, the cytokine-cytokine receptor interaction pathway, the cytokine signaling
pathway, the T-cell receptor signaling pathway, and the apoptosis signaling pathway.

STRING analysis

The STRING (Search Tool for the Retrieval of Interacting Gene/Proteins) online
software was used to predict the direct (physical) and indirect (functional)
interactions between the differentially expressed immune-related proteins that
were mainly related to the inflammatory response, the immune response and its
regulation, and cytokine signaling pathways. The functional protein association
networks (Fig. 5) indicated that most of the genes involved in these processes were
interrelated. For example, the genes encoding tumor necrosis factor (TNF), tumor
necrosis factor ligand superfamily member-13b, interleukin-15 (IL-15), IL-6, IL-8,
IL-1ot, IL-1PB, IL-6 receptor, transforming growth factor beta 1 (TGF-p),
chemokine (C-X-C motif) ligand 9 (CXCL9), chemokine (C-X-C motif) ligand 12
(CXCL12), and chemokine (C-C motif) ligand 20 (CCL20) were associated with
multiple signaling pathways. The genes encoding chemokine (C-C motif) ligand
4-like 1 (CCL4L1), CD4, CD86, CD40, toll-like receptor 4 (TLR4), TLR9, and
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Figure 2. Scatter plot of the microarray data. The data from the microarray are graphed on a scatter plot to visualize variations (or reproducibility) in gene
expression between arrays. The values on the X and Y axes of the scatter plot are the normalized signal values for the samples (log2 scaled). The green
lines are fold-change lines (the default fold-change value is 2.0). The expression of the genes above the top green line or below the bottom green line

differed more than two-fold between the infected and control samples.

doi:10.1371/journal.pone.0113921.9002

kinase insert domain receptor were related with one another, and the genes

encoding IL-8, IL-6, IL-1f, CD4, and IL-1a were also interrelated. However, some
of the genes were not linked to the association network, including those encoding
triggering receptor expressed on myeloid cells 1, MHC class I related antigen 2,
and lymphocyte cytosolic protein 1.

Confirmation of microarray data by qPCR and western blot

To evaluate the role of specific host immune genes in PCMV infection, we selected
13 immune-related genes for further analysis by qPCR (IL-1a, IL-1, IL-2, IL-7,
IL-8, IL-12, IL-15, IL-7R, IFN-a, TNF, TNF-SF10, TGF-B1, and TGF-B-R1). We
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5/18



@'PLOS | ONE

Transcriptome Analysis of Porcine Thymus following PCMV Infection

Control sample PCMV infected sample

Figure 3. Heat map and hierarchical clustering of the microarray data. Hierarchical clustering was used to
analyze the gene expression data by arranging the samples into groups based on their expression levels. The
dendrogram shows the relationships among the gene expression patterns in the samples. The red line
indicates high relative expression and the green line indicates low relative expression.

doi:10.1371/journal.pone.0113921.g003

additionally confirmed 6 of those cytokines by western blot (IL-1a, IL-1f, IL-12B,
IFN-a, TNF, and TGF-B1). We found that the detected level of gene expression
was relatively consistent between qPCR, western blot, and microarray analysis for
all the genes tested (Table 1, Table S5, and Fig. 6).

Discussion

The interaction between a virus and its host is determined by the host’s immune
response. Like human cytomegalovirus (HCMV), PCMV suppresses the immune

PLOS ONE | DOI:10.1371/journal.pone.0113921 November 25, 2014 6/18
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Figure 4. GO annotation of the differentially expressed genes. A GO analysis to categorize the differentially expressed genes into GO categories was
performed. The P values indicate the significance of the GO term enrichment in the list of differentially expressed genes (P=0.05 is considered significant).
(A) GO annotation of the upregulated genes. (B) GO annotation of the downregulated genes. For other enriched GO terms, please see Table S3.

doi:10.1371/journal.pone.0113921.9004

system, especially the cell-mediated immune response [13]; however, there has
been no research into the immune-evasion mechanism of PCMV until now. The
thymus is one of the most important central immune organs, which is mainly
composed of lymphocytes, macrophages, dendritic cells, epithelial cells, and
reticular cells. The thymus is the main site of the proliferation, differentiation, and
maturation of immune cells. It plays a crucial regulatory role in the development
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Figure 5. Interaction networks of the differentially expressed genes. The STRING database was used to predict the relationships between the
differentially expressed immune-related genes. The lines of different colors represent the types of evidence upon which the associations are based: green,
neighborhood evidence; red, gene fusion evidence; blue, co-occurrence evidence; black, coexpression evidence; purple, database evidence; cyan, text-
mining evidence; yellow, homology evidence.

doi:10.1371/journal.pone.0113921.9005

and immune function of peripheral immune organs. Changes in the thymus
transcriptome during infection with an immunosuppressive virus directly reflect
the impact of the virus on the immune function of host, which is the reason we
chose the thymus as the site for our microarray experiments [14].

This is the first comprehensive analysis of the transcriptomes of porcine
immune organs during PCMV infection. Using microarray technology, we
detected 5,582 differentially expressed genes. Thirteen of the immune-related

PLOS ONE | DOI:10.1371/journal.pone.0113921 November 25, 2014 8/18
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Table 1. Real-time qRT—PCR of 13 differentially expressed genes.

Genes GeneBank Accession gRT-PCR fold-change (Infected/control) Microarray fold-change (Infected/control)
IL1a NM_214029 +2.22 +2.09
IL1b NM_214055 +1.13 +3.91
IL2 NM_213861 —1.05 —2.98
IL7 NM_214135 +1.13 +1.47
IL8 X61151 +3.13 +4.15
IL12 NM_214013 —1.64 —-4.19
IL15 NM_214390 +1.88 +2.36
IL-7R NM_001146128 —1.25 —3.41
TNF NM_214022 —1.08 —2.01
TNFSF10 NM_001024696 +1.38 +1.11
TGF-B1 NM_214015 —1.40 -3.11
TGF-B-R1 NM_001038639 +1.60 +1.08
IFN-o. NM_001166310 +1.31 +1.31
gRT-PCR results of 13 immune-related genes in thymuses from PCMV-infected pigs compared with those of normal pigs. “+” and “~” indicate upregulated

and downregulated genes, respectively. qRT-PCR Ct threshold: 0.015. Fold-change cut-off: 2.0.

doi:10.1371/journal.pone.0113921.t001

genes were confirmed with RT-qPCR and six of those cytokines were further
confirmed by western blot. The differential expression of a range of immune-
related genes in the porcine thymuses suggests that the infection pressure of

PCMV affects the immune process of the host.

The results of GO annotation and KEGG analyses showed that several of the
differentially expressed genes are involved in cellular signaling pathways, including
the genes for T-cell receptor (TCR), TLR, NF-xB, B-cell receptor, TNF, p53, and
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IL-1a ) g -
GAPDH (IL-1o) M S
IL-1B & 08 4
g & 7 l *
GAPDH (IL-1p) o " I
‘ B . :
TNF & 0.6 1
- = I
Gaprpi (TNE) - O 05 *
IL-128 - S 04 . I
<
GAPDH (IL-12B)- . 2 03 ] T .
IFN-o -
GAPDH (IFN-o) - 2 02 1
TGF-p1 - S 01 ]
GAPDH (TGF-p1) 5‘ 0 - , , ’ ’ ’
IL-1o IL-1p TNF IL-12B IFN-a

m PCMV infected

Control

Figure 6. Western blot of six of the differentially expressed genes. Western blot of IL-1a, IL-1p, IFN-o, IL-12B, TNF and TGF-B1 in samples from control

and PCMV-infected pig thymuses. (* denotes P<0.05).

doi:10.1371/journal.pone.0113921.9006
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TGF-, and others are involved in the cytokine—cytokine receptor interaction
signaling pathways.

TCR signaling in response to antigen recognition plays a crucial role in the
adaptive immune response [15]. In this study, the expression levels of most genes
involved in the TCR signaling pathway were downregulated, including those
encoding cytotoxic T-lymphocyte-associated protein 4, CD4/8, lymphocyte-
specific protein tyrosine kinase, CD3¢, CD30, E3 ubiquitin protein ligase, CD40
ligand, NF-xB, IL-2, TNF-a, inducible T-cell co-stimulator, growth factor
receptor-bound protein 2, and pyruvate dehydrogenase kinase isozyme 1. This
suggests that the TCR signaling pathway is significantly inhibited during infection
by PCMV.

TGEF-B is an immunosuppressive cytokine, and it plays an important regulatory
role in several cellular processes and immune functions. The TGF-f signaling
pathway is also involved in apoptosis, cell differentiation, and growth [16]. Recent
research has shown that the proliferation of activated T cells is suppressed by
apoptosis and the release of TGF-B1 during HCMYV infection [17]. Human
immunodeficiency virus and hepatitis C virus infections also activate the TGF-f
signaling pathway [18]. In the present study, the results of a GO annotation
analysis showed that several of the upregulated genes are associated with the TGF-
B signaling pathway, including genes encoding TGF-f2, TGF-33, inhibitors of
DNA binding 1/2/4, activin RI, decorin, and inhibin BB. This suggests that the
activated TGF-P signaling pathway may function in PCMV infection as it does
during infections by other immunosuppressive viruses.

The interferons (IFNs) are proteins with antiviral and immunoregulatory
activities, and they have been shown to play essential roles in the host responses to
viruses of the family Herpesviridae [19-22]. An HCMV-derived IL-10 homolog
was shown to suppress the TLR-induced expression of IFN-a/f3 genes in infected
plasmacytoid dendritic cells, thus inhibiting the antiviral and immunoregulatory
activities of the host [23—24]. However, in the present study, the expression of the
genes encoding IFN-o/f were not significantly upregulated in porcine thymuses
after PCMV infection.

The TLR family is the first line of defense against infectious agents, and it plays
a fundamental role in the innate immune response. These proteins identify and
monitor pathogen-associated molecular patterns and also mediate the expression
of the cytokines that are necessary for immunity. Currently, roles for TLRs in
infections by members of the family Herpesviridae have been reported. For
example, activated TLR7/8 signaling contributes to the inhibition of bovine alpha
herpesvirus replication [25-26]. Apart from TLR3 and TLR4, the expression levels
of the genes encoding most of the TLRs, including TLR1, TLR2, TLR6, TLR7,
TLR8, and TLR10, were significantly downregulated after PCMV infection. This
implies that PCMYV inhibits the innate immune response by interrupting the
expression of TLRs.

Chemokines also play an important role in the inflammatory response. Recent
research has shown that infection by viruses of the family Herpesviridae promotes
the expression of inflammatory cytokines and chemokines [27-28]. In this study,
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the expression levels of the genes encoding IL-8, CXCL2, and chemokine receptor
CCRI1 were upregulated during PCMV infection, suggesting that IL-8 exerts an
effect similar to its effect during infection by other Herpesviridae family viruses.

The chemokine receptor CCR7 and its ligands (CCL20/CCL19) play important
regulatory roles in adaptive immune functions, including regulatory T-cell and
memory T-cell functions and thymocyte development [29]. In this study, the
expression levels of CCL4, CCL20, CCL19, CCL8, CCL21, CXCL9, and CXCLI2
were reduced after PCMV infection, suggesting that PCMV affects the adaptive
immune functions of the host by regulating the secretion of chemokines.

Apoptosis is an important defense mechanism of organisms, and viruses can
evade identification by their hosts’ immune systems by directly or indirectly
inhibiting the apoptosis process. Virus-encoded proteins can also induce host cell
apoptosis during the release of the viral particles in the late stage of infection [30—
32]. The caspase protein family is essential for the modulation of apoptosis.
Caspase 3 and caspase 10 are encoded by the CASP3 and CASP10 genes,
respectively, and play central roles in the execution-phase of host cell apoptosis
[33-35]. In this study, the expression levels of CASP3 and CASPI0 were
significantly reduced compared with those in the control group.

The apoptosis regulator-2 (BCL-2) family of proteins is also critical for
apoptosis, with its members having either anti-apoptotic or pro-apoptotic
functions [36]. Recent research showed that the viral G-protein-coupled receptor
(vGPCR) inhibits apoptosis of endothelial cells by upregulating BCL-2 expression
during infection by Kaposi sarcoma-associated herpesvirus [37]. The expression
levels of BCL-2-related protein Al (encoded by BCL2A1), BCL-2-associated gene
6 (BAG6), and BCL-2-associated transcription factor 1 (BCLAFI) were
significantly downregulated after PCMV infection.

The cytokines of the TNF superfamily play important roles in the regulation of
cell development, physiological processes, and the host innate and adaptive
immune responses to viral pathogens, including in the inhibition of viral
replication, the regulation of immune genes, the development of peripheral
lymphoid organs, and the differentiation of lymphocytes. The apoptotic and
nonapoptotic signaling pathways can be activated after TNF receptors engage with
their cognate ligands, thereby regulating the host’s antiviral activity [38]. Viruses
can also regulate the host’s immune processes by interrupting the TNF signaling
pathway [39]. In this study, the expression levels of the majority of genes involved
in the TNF signaling pathway, including those encoding TNF, IL-6, CCL20,
caspase 10, caspase 3, NF-«xB, and TGF--activated kinase 1 (TAK1), were
significantly downregulated after viral infection. This implies that the TNF
signaling pathways and apoptotic processes are inhibited by PCMV infection,
which is conducive to the replication of the virus.

Like the TNF/TNEFR signaling pathway, the FASL/FAS pathway is also involved
in apoptosis-associated signal transduction and caspase activation. However, there
were no significant changes in the expression of genes involved in the FASL/FAS
pathway after PCMV infection. In summary, we have shown that PCMV affects
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apoptosis by regulating the expression of a range of apoptosis-related genes, and
in this way, facilitates latent viral infection [40].

The central immune organs are the major sites for the proliferation and
differentiation of immune cells, whereas the peripheral lymphoid organs are the
main sites of the immune response. Identification of the interaction between
immune-related proteins in the immune organs and viral pathogens is critical for
understanding the viral immunosuppressive mechanism. Our results confirm that
PCMYV not only directly or indirectly affects the function of the immune cells and
organs, but also inhibits the host immune function by regulating the expression of
multiple cytokines. This comprehensive analysis of the transcriptome of porcine
thymus during PCMYV infection extends our understanding of the adaptive
immune response to PCMV infection and of the immune-evasion mechanisms of
PCMV. This knowledge will contribute to the prevention and treatment of
immunosuppressive viruses.

Materials and Methods
Ethical statement

The animal welfare standards adhered to in this study were established according
to internationally agreed and science-based principles of the World Organization
for Animal Health (OIE). All experiments were carried out in accordance with
China Animal Welfare Legislation and were approved by the Sichuan Agricultural
University Committee for Ethics in the Care and Use of Laboratory Animals.

Animals, viral infection, and detection

The PCMV Sichuan (SC) strain and three-week-old male Yorkshire piglets were
provided by the Animal Biotechnology Center of Sichuan Agricultural University
(Ya’an, China). The 10 piglets were divided into two groups of five pigs each and
maintained under controlled temperature and humidity. Serum samples collected
from all 10 piglets were confirmed as PCMV antibody-negative before the start of
the experiment, as described previously [41]. Each pig in the first group was
inoculated with 5 ml of 10’ PFU/ml PCMV SC strain by intramuscular (3 ml)
and intranasal (2 ml) injection at the same time, and each pig in the control group
was injected with 5 ml of RPMI-1640 nutrient solution (Thermo Fisher Scientific,
Waltham, UK) in the same way. The anti-PCMV antibody levels in the serum
samples collected from the infected and control pigs at 13 dpi were determined as
described previously [41]. Two piglets died during the viral challenge experiment
(13 and 14 days dpi), and the thymus from each dead pig was collected
immediately. The thymuses from two control pigs were also collected at the same
time points to serve as controls.

Quantitative RT-PCR (RT-qPCR) was used to detect the PCMV viral load in
the thymuses of two dead PCMV-infected piglets, and samples from the two
control piglets were also tested by RT-qPCR as controls, as described previously
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[42]. To observe the pathological changes in the infected porcine tissues, paraffin
sections were examined as described previously [43]. The sera, lymph nodes,
spleens, and thymuses of the remaining infected and control pigs were collected at
14 dpi, and all the tissues were immediately frozen in liquid nitrogen and stored at
—80°C until further analysis.

RNA extraction

All thymuses from infected and control piglets were combined into a single
infected group and a single control group, respectively, before RNA extraction.
Total RNA was extracted from the thymuses of the PCMV-infected piglets and
control piglets using TRIzol Reagent (Invitrogen, Shanghai, China), according to
the manufacturer’s instructions. The integrity of the RNA was assessed with
electrophoresis on a denaturing agarose gel. A NanoDrop ND-1000 spectro-
photometer (NanoDrop Inc., Wilmington, DE, USA) was used to accurately
measure the RNA concentrations.

Microarray analysis

The Pig 4 x 44K Gene Expression Array was manufactured by Agilent. The whole
pig genome oligo microarray is a broad-range array that represents well-known
pig genes and transcripts. When coupled to Agilent’s probe selection and robust
validation processes, this array delivers improved data quality and less redundant
gene coverage.

RNA labeling and array hybridization

Samples were labeled and array hybridization was performed according to the
Agilent One-Color Microarray-Based Gene Expression Analysis protocol (Agilent
Technology). The total RNA from each sample was linearly amplified and labeled
with Cy3-UTP. The labeled cRNAs were purified with the RNeasy Mini Kit
(Qiagen) according to the manufacturer’s instructions. The concentration and
specific activity of the labeled cRNAs (pmol Cy3/pug cRNA) were measured with a
NanoDrop ND-1000 spectrophotometer. Each labeled cRNA (1 pg) was
fragmented by the addition of 11 pl of 10 x Blocking Agent and 2.2 pl of 25 x
Fragmentation Buffer and was then heated at 60°C for 30 min. Next, 55 pl of 2 x
GE Hybridization Buffer was added to dilute the labeled cRNA. The hybridization
solution (100 pl) was dispensed onto the gasket slide, which was assembled onto
the gene expression microarray slide. The slides were incubated for 17 h at 65°C in
an Agilent Hybridization Oven. The hybridized arrays were washed, fixed, and
scanned with the Agilent DNA Microarray Scanner.

Data analysis

The Agilent Feature Extraction software (version 11.0.1.1) was used to analyze the
acquired array images. Quantile normalization and subsequent data processing
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were performed with the GeneSpring GX v11.5.1 software package (Agilent
Technologies). After the quantile normalization of the raw data, genes that were
flagged as “Detected” in at least two of two samples (“All Targets Value”) were
selected for further analysis. Differentially expressed genes were identified with
fold-change filtering. Hierarchical clustering was performed with the Agilent
GeneSpring GX software (version 11.5.1).

GO analysis, which is a functional analysis that associates differentially
expressed genes with GO categories, was performed on our microarray data. The
GO categories are derived from Gene Ontology (www.geneontology.org), which
contains three structured networks of defined terms that describe the attributes of
gene products.

A pathway analysis of the differentially expressed genes was performed using
the standard enrichment computation method and based on the latest KEGG
database. This analysis allowed us to determine the biological pathways that are
significantly enriched in the differentially expressed genes. The P value (EASE-
score, Fisher-Pvalue, or Hypergeometric-Pvalue) denotes the significance of the
pathway correlated to the conditions. The interaction networks of the
differentially expressed genes were predicted using the STRING 9.1 database
(http://www.string-db.org/).

RT-qPCR

RT—qPCR was used to confirm the transcriptional levels of specific immune-
related genes with the SYBR Green PCR Core Reagents Kit (Applied Biosystems,
Foster City, CA, USA) on the ABI Prism 7900 Sequence Detection System
(Applied Biosystems), according to the manufacturer’s instructions. The RT-
qPCR primers used to detect IL-1a, IL-1p, IL-2, IL-7, IL-8, IL-12, IL-15, IL-7R,
TNF, TNF-SF10, TGF-B1, TGF-B-R1, and IFN-a are shown in Table 2. The
amplification conditions were: 94 °C for 10 min, followed by 40 cycles of 95°C for
10 s and 60°C for 60 s. The conditions used to establish the melting curves of the
PCR products after the amplification reaction were: 95°C for 10 s, 60°C for 60 s,
and 95°C for 15 s, followed by heating from 60°C to 90°C.

Western blot analysis

All thymuses from infected and control piglets were combined into a single
infected group and a single control group, respectively, and were lysed in
Enhanced RIPA Lysis Buffer (Leagene, Beijing, China) containing 1 mM
phenylmethanesulfonyl fluoride. After being resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), the proteins were transferred to
a nitrocellulose membrane (Bio-Rad, Shanghai, China). The following antibodies
were used for protein detection: primary antibodies - rabbit polyclonal anti-IL-1a,
anti-IL-1f, anti-IL-12B, anti-TNF, anti-IFNo., and anti-TGF-f31, and secondary
antibody horseradish peroxidase conjugated anti-rabbit (abcam, Shanghai,
China). Blots were visualized by the ChemiScope 3100 chemiluminescence
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Table 2. Primers used for RT—-gPCR.

Product
GeneBank Accession Forward primers (5'-3') Reverse primers (5'-3') Iength

GAPDH NM_001206359 ATGGTGAAGGTCGGAGTGAAC CTCGCTCCTGGAAGATGGT

IL1a NM_214029 TGAAGTGTTGACAGGCCGTAT TGGTCCTCCCAAGATTGTTATG 250
IL1b NM_214055 AGGAAGTGATGGCTAACTACGGT GCTGGATGCTCCCATTTCTC 126
IL2 NM_213861 GAGCCATTGCTGCTGGATTT GTAGCCTGCTTGGGCATGTAA 110
IL7 NM_214135 AGTGACTATGGGCGGTGAGA GCTACTGGCAACAGAACAAGG 142
IL8 X61151 CTATGCCTCATTCCTGTGCT AGAACAACGTGCATGGGAC 121
IL12 NM_214013 CCTGGGAAAGTCCTGTCGTG GCAGATTTTGGGAGTGGTTGA 282
IL15 NM_214390 GCGATGAAGTGCTTTCTCCTG TACTCAATGGACGATAAACTGCTG 122
IL-7R NM_001146128 CTCCTTCTCGTGCTACAGTCA ACTCAGGCAATTTATGTCCAA 139
TNF NM_214022 CACGCTCTTCTGCCTACTGC TCCCTCGGCTTTGACATTG 163
TNFSF10  NM_001024696 TCCAGCAGAGCCAATAGGTTA GTGTTGTTGAGCCTTTGGGT 66
TGF-p1 NM_214015 ACTACTACGCCAAGGAGGTCA TCTGCCCGAGAGAGCAATAC 157
TGF-B-R1  NM_001038639 CATAACCGTACAGTCATTCACCA CGACCTTTGCCAATACTTTCT 200
IFN-o NM_001166310 GACTCCATCCTGGCTGTGA ATGACTTCTGCCCTGACGA 104

doi:10.1371/journal.pone.0113921.t002

imaging system (CLINX, Shanghai, China) according to the manufacturer’s
guidelines.

Conclusion

This is the first comprehensive analysis of the transcriptomes of a porcine
immune organ (thymus) during PCMV infection. Using microarray technology,
5,582 differentially expressed genes were detected, which were associated with the
inflammatory response, the immune response, immunoregulation, and cytokine-
mediated signaling pathways. We confirmed 13 differentially expressed immune-
related genes using quantitative real-time RT-PCR and further confirmed 6 of
those cytokines by western blot. This study provides new insight into the
immunosuppressive molecular mechanisms and pathogenesis of PCMV. The
results presented here will contribute to the prevention and treatment of
immunosuppressive viral diseases.

Supporting Information

Figure S1. Pathological changes in PCMV-infected porcine organs. The lungs of
(A) PCMV-infected and (B) control pigs.
doi:10.1371/journal.pone.0113921.5001 (TIF)

Figure S2. Box plot of the intensity distributions from infected and control
samples. A box plot comparing the distributions of the intensities of the infected
and control samples after normalization.

doi:10.1371/journal.pone.0113921.5002 (TIF)
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Table S1. Gene expression profiles.
doi:10.1371/journal.pone.0113921.5003 (XLS)

Table S2. Genes differentially expressed by control and PCMV-infected pig
thymuses. Genes were considered to be significantly upregulated or down-
regulated if the fold-change was >2.0 or =-2.0. Fold change is the ratio of
normalized intensities between the infected and control samples. +: upregulated, -:
downregulated.

doi:10.1371/journal.pone.0113921.5004 (XLS)

Table S3. GO functional enrichment annotations for the differentially
expressed genes.
doi:10.1371/journal.pone.0113921.5005 (XLSX)

Table S4. KEGG pathway annotations for the differentially expressed genes.
doi:10.1371/journal.pone.0113921.5006 (XLSX)

Table S5. Real-time RT-PCR of 13 differentially expressed genes.
doi:10.1371/journal.pone.0113921.5007 (XLSX)
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