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Abstract
The porcine reproductive and respiratory syndrome virus (PRRSV) is one of the most impor-

tant swine pathogens and often serves as an entry door for other viral or bacterial patho-

gens, of which Streptococcus suis is one of the most common. Pre-infection with PRRSV

leads to exacerbated disease caused by S. suis infection. Very few studies have assessed

the immunological mechanisms underlying this higher susceptibility. Since antigen present-

ing cells play a major role in the initiation of the immune response, the in vitro transcriptional

response of bone marrow-derived dendritic cells (BMDCs) and monocytes in the context of

PRRSV and S. suis co-infection was investigated. BMDCs were found to be more permis-

sive than monocytes to PRRSV infection; S. suis phagocytosis by PRRSV-infected BMDCs

was found to be impaired, whereas no effect was found on bacterial intracellular survival.

Transcription profile analysis, with a major focus on inflammatory genes, following S. suis
infection, with and without pre-infection with PRRSV, was then performed. While PRRSV

pre-infection had little effect on monocytes response to S. suis infection, a significant

expression of several pro-inflammatory molecules was observed in BMDCs pre-infected

with PRRSV after a subsequent infection with S. suis. While an additive effect could be

observed for CCL4, CCL14, CCL20, and IL-15, a distinct synergistic up-regulatory effect

was observed for IL-6, CCL5 and TNF-α after co-infection. This increased pro-inflammatory

response by DCs could participate in the exacerbation of the disease observed during

PRRSV and S. suis co-infection.
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Introduction
The porcine reproductive and respiratory syndrome (PRRS), caused by a RNA virus (PRRSV),
is characterized by weak live-born pigs, severe pneumonia, reduction in growth performances,
mortality, and abortions [1]. At least two genotypes of PRRSV can be distinguished: PRRSV
type 1 (with different sub-types), which comprises strains from Europe; and PRRSV type 2,
which includes strains from North America [2]. This disease has become the most prevalent in
pigs worldwide and is responsible for great economic losses [3]. It has been proposed that the
immune response during PRRSV infection is characterized by an altered innate immune
response and a weak and delayed adaptive immune response [4].

Streptococcus suis serotype 2 is an important swine bacterial pathogen responsible for men-
ingitis, septicemia with sudden death and other infections in pigs. It is also an emerging zoo-
notic agent [5–7]. S. suis usually infects pigs via the respiratory tract by colonizing the palatine
and nasopharyngeal tonsils, potentially disseminating to the draining lymph nodes of the
upper respiratory tract [8]. By mechanisms not well understood, virulent strains of S. suis will
cross the first natural lines of the host defense and enter the bloodstream to initiate disease.
Among the described potential virulence factors [9], the capsular polysaccharide (CPS) dis-
plays anti-phagocytic properties and interferes with internalization of S. suis by dendritic cells
(DCs), monocytes/macrophages and neutrophils [10–13]. Interestingly, some studies originally
suggested that S. suismay eventually be internalized by phagocytes and travel intracellularly in
the bloodstream (Trojan Horse theory) [14]. The pathology caused by S. suis has been mainly
associated with an excessive inflammatory response [15,16], through the production of pro-
inflammatory cytokines and chemokines by cells of the immune system such as monocytes/
macrophages [17,18] and DCs [11].

Previous studies have shown increased severity of disease in animals where PRRSV was
found in co-infection with a wide range of pathogens [19–24], while others were controversial
[25,26]. More precisely, PRRSV and S. suis co-infection cases are frequently observed in the
field, but relatively few scientific studies have yet documented this interaction. In S. suis-
infected piglets, pre-infection with PRRSV has been shown to induce a higher mortality rate
compared to those infected by either PRRSV or S. suis alone [24,27,28]. An enhanced bacter-
emia and bacterial tissue colonization of co-infected animals was also observed, with both
PRRSV and S. suis found in the bloodstream [24,29]. Piglets born from PRRSV-infected gestat-
ing sows were also shown to be more susceptible to a subsequent S. suis infection [30].
Although it has been suggested that the higher susceptibility of co-infected animals might be
due to an immunomodulation induced by the PRRSV infection, the exact mechanisms
involved in such interactions are still unknown [28].

Monocytes/macrophages and DCs are antigen presenting cells (APCs) that take up patho-
gens, process these, and present pathogen-derived antigens to other cells of the adaptive
immune system. They are both important mediators of the innate immune response which rec-
ognize conserved pathogen-associated molecular patterns (PAMPs) through their expression
of pattern recognition receptors (PRRs). While monocytes are involved in the inflammatory
response to infection, DCs are professional APCs and are key cells that can shape the adaptive
immune response as they provide a link between innate and adaptive immunity [31,32].

In this study, the in vitro response of PRRSV-infected porcine DCs and monocytes to a fur-
ther S. suis infection was investigated. The effect of PRRSV on the phagocytosis and intracellu-
lar survival of S. suis by both cell populations was first assessed. A genomic approach was then
used to compare the gene expression profiles, mainly those involved in inflammation, of both
cell types infected with S. suis, with or without a previous infection with PRRSV.

PRRSV-Infected Porcine DC Response to S. suis Infection
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Materials and Methods

Animals
Six week-old Dutch Landrace pigs were purchased from a high health status herd, which was
shown to be negative for PRRSV and other major porcine respiratory diseases, including enzo-
otic pneumonia, swine pleuropneumonia and porcine circovirus-associated diseases. This herd
did not show any enzootic episode of acute disease due to S. suis for at least the last three years.
All animal experiments were conducted in accordance with the ethical guidelines and policies
of the Canadian Council of Animal Care and specifically approved by the Animal Welfare
Committee of the University of Montreal (certificate number RECH-1570).

S. suis and PRRSV strains and culture conditions
The wild-type virulent S. suis serotype 2 strain P1/7 has been widely used in previous studies
[33]. In some experiments, and for comparison purposes, its isogenic non-encapsulated
mutant, Δcps2f, was also used [34]. Bacteria were grown overnight on Todd-Hewitt agar (Bec-
ton Dickinson, Sparks, MD, USA) or sheep blood agar plates at 37°C. Three colonies were then
isolated and cultured for 8 h in Todd-Hewitt broth (THB, Becton Dickinson) at 37°C without
agitation. Ten μl of a 1/1,000 dilution of the 8 h cultures were then transferred into 30 ml of
THB and incubated at 37°C for another 16 h. Bacteria were washed twice in phosphate-buff-
ered saline (PBS; pH 7.3). The bacterial pellet was resuspended and adjusted to a concentration
of 5 x 108 Colony Forming Units (CFU)/ml, as determined by plating samples onto THA using
an Autoplate1 4000 Automated Spiral Plater (Spiral Biotech, Norwood, MA).

The IAF-Klop PRRSV genotype 2 strain, previously isolated in Canada, was used [35]. The
PRRSV virus stock was obtained by freezing and thawing MA104-derived monkey kidney
(MARC-145) cells infected with the PRRSV. Virus was then purified by ultracentrifugation
(3.5 h at 83,000 x g) on a 30% sucrose gradient in Tris-buffered saline (pH 7.5). Virus pellets
were resuspended in PBS and frozen at -70°C for further use. The virus stock was titrated by
assessing the 50% tissue infectious dose (TCID50) in MARC-145 cells as previously described
[36]. Titres of 107.5 TCID50/ml were obtained for the virus stocks used in this study.

Monocyte isolation and BMDC generation
For monocyte isolation, pig blood from four different animals was collected in 10 ml EDTA-
coated vacutainers and independently processed (BD Bioscience, Mississauga, ON, Canada).
The vacutainers were centrifuged for 30 min at 400 x g and the buffy coat resuspended in 7.5%
PBS-EDTA and layered on a 60% FICOLL-PAQUE1 Plus gradient (GE Healthcare Bio-Sci-
ences, AB, Uppsala, Sweden) to isolate peripheral blood mononuclear cells (PBMCs). Mono-
cytes were further isolated as described elsewhere [37]. Briefly, PBMCs were incubated for 20
min with anti-human CD14 microbeads (Miltenyi Biotec Inc., Auburn, CA), and CD14+

monocytes were positively selected using the Magnetic Activated Cell Sorting system
(MACS1; Miltenyi) and plated in 24-well plates (Fisher Scientific, Pittsburgh, PA).

Bone marrow-derived DCs (BMDCs) were generated as previously described [11]. Briefly,
hematopoietic cells were isolated from the femur bone marrow of four different animals and
independently processed. Following erythrocyte lysis, cells were cultured in complete RPMI-
1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-Gluta-
mine, 10 mMHEPES, and 100 U/ml Penicillin-Streptomycin (all reagents from Invitrogen,
Life Technologies Inc., Burlington, ON, Canada). This complete medium was complemented
with 100 ng/ml of porcine recombinant GM-CSF (rpGM-CSF; Cell Sciences, Canton, MA,
USA). Cells (5 x 105 cells/ml) were cultured in 10 ml of complete medium at 37°C in a 5% CO2

PRRSV-Infected Porcine DC Response to S. suis Infection

PLOS ONE | DOI:10.1371/journal.pone.0156019 May 23, 2016 3 / 20



incubator. After 3 days of culture, 10 ml of fresh complete medium with rpGM-CSF was
added, and at day 6, half of the medium was removed and replaced with fresh complete
medium containing rpGM-CSF. Cells were harvested after 8 days of culture and plated in
24-well plates (Fisher Scientific). Cells were characterized and confirmed as DCs as previously
described [11].

In vitro PRRSV infection, S. suis infection and co-infection
Cells were plated at 1 x 106 cells/ml in 1 ml of complete RPMI and rested for 3 h before use.
For PRRSV infection, medium was removed and replaced with 300 μl of serum-free com-
plete RPMI with PRRSV IAF-Klop (MOI of 0.1) for 2 h. The wells were washed twice with
PBS to remove free virus and 1 ml of complete RPMI was added to each well. The amount of
PRRSV genome RNA was determined at different incubation times in both blood mono-
cytes and BMDCs, using a RT-qPCR assay as previously described [38]. The QIAamp Viral
RNA kit (Qiagen) was used to isolate viral RNA from PRRSV-infected cell lysates according
to the manufacturer’s instructions. A commercial PRRSV RT-qPCR diagnostic kit (Next-
Gen, Tetracore Inc., Gaithersburg, MD, USA) was used for PRRSV quantification as recom-
mended by the manufacturer. The PRRSV RT-qPCR results were expressed in cycle
threshold (Ct).

For co-infection experiments, cells were infected with PRRSV as described above. After 2 h
of infection, cells were washed with PBS. S. suis strain P1/7 was then added at a MOI of 1 (1 x
106 CFU) for the phagocytosis assays or at a MOI of 0.1 (1 x 105 CFU) for the microarray
assay. Bacteria were left in culture with the cells from 30 min to 5 h for phagocytosis and intra-
cellular survival assays, respectively, and 12 h for the microarray assay. A lower bacterial MOI
was used for microarray assays since otherwise toxicity killed more than 75% of cells at 12 h of
incubation (results not shown). In parallel studies, virus-infected cells were left without bacte-
rial infection (virus infection alone) or were virus-mock infected, similarly incubated and then
infected with S. suis (bacterial infection alone). Finally, virus- and bacterial-mock infected cells
were used as negative controls. Under the conditions used, low cell toxicity levels were con-
firmed for all conditions using Cytotox 96 kit (Promega, Madison, WI) from culture superna-
tants according to manufacturer’s instructions.

Phagocytosis assay and intracellular survival
Bacterial phagocytosis and intracellular survival assays were performed as previously described
with some modifications [11]. Briefly, S. suis P1/7 (MOI:1) was added to each well and phago-
cytosis was left to proceed for either 30 min, 60 min or 90 min. Incubation time was chosen
based on our own previous published results [11]. For co-infections, cells were pre-infected
with PRRSV IAF-Klop as described in the previous section. For each incubation time, extracel-
lular bacteria were killed by adding penicillin G (5 μg/ml) and gentamicin (100 μg/ml) (Sigma,
Oakville, ON, Canada) for 1 h. Cells were then washed three times with PBS and the last wash
kept as a control to ensure all extracellular bacteria were killed. One ml of sterile water was
then added to each well in order to lyse the cells. The number of viable intracellular bacteria
was assessed by plating serial dilutions of the lysates on THA plates. The number of CFU/ml in
the final suspension was determined by plating samples onto THA as described above. To
study intracellular survival, bacteria were left for 60 min to be internalized by the cells. As
described above, a penicillin G and gentamicin solution was added but this time, cells were cul-
tured for an additional 1 h, 3 h or 5 h in the presence of antibiotics. Cells were then processed
as described above and the surviving intracellular bacteria counted.

PRRSV-Infected Porcine DC Response to S. suis Infection

PLOS ONE | DOI:10.1371/journal.pone.0156019 May 23, 2016 4 / 20



Cell activation for microarray studies: homogenization and extraction of
total RNA from monocytes and BMDCs
12 h following bacterial infection, supernatants were removed from the wells of infected and
control cells and 600 μl of lysis buffer (Qiagen, Mississauga, ON, Canada) was added. Incuba-
tion time was chosen based on preliminary data of the kinetics of eight pro-inflammatory
genes evaluated by qRT-PCR (data not shown). Shorter incubation times showed low and
inconsistent results and higher incubation times led to high toxicity. Total RNA was isolated
using an RNeasy minikit with on-column DNase digestion (Qiagen). RNA extraction was per-
formed as per the manufacturer’s instructions and each RNA sample was divided into two ali-
quots (one for microarray, the other for qPCR) that were kept at -80°C until use.

Agilent microarray analysis
RNA samples were sent to the McGill University and Genome Quebec Innovation Centre
(Montréal, Québec, Canada) for microarray analysis using the Agilent porcine (v2) gene
expression microarray 4x44K (Agilent Technologies, Santa Clara, CA). Before performing the
microarray analysis, RNA sample quality and quantity were assessed using an Agilent 2100
bioanalyser (Agilent Technologies). The microarray was performed as per the manufacturer’s
instructions and the samples were randomly distributed on the chips.

Microarray data accession number
All raw microarray data are available and have been deposited on the Gene Omnibus Expres-
sion database under accession numbers GSE75687.

Validation of microarray data by real-time RT-qPCR
In order to validate the microarray data, 10 genes from DCs were selected and RT-qPCR analysis
was performed (Table 1). Three of these genes were also tested in activated monocytes. These
experiments were run and analyzed in accordance with the minimum information for publica-
tion of quantitative real-time qPCR experiment (MIQE) guidelines [39]. The validation of the
microarray data was performed with another aliquot of the same RNA sample used for the

Table 1. Primer sequences used for real-time qPCR assays.

Gene Genbank accession no.
/Reference

Amplicon size
(bp)

Forward (F) and Reverse (R) primers

Il6 NM_214399 105 F: ACTCCCTCTCCACAAGCGCCTT R: TGGCATCTTCTTCCAGGCGTCCC

Cxcl8 NW_003300390 80 F: TGTGAGGCTGCAGTTCTGGCAAG R: GGGTGGAAAGGTGTGGAATGCGT

Tnf NM_214022 112 F: GCCACCACGCTCTTCTGCCTA R: ACGATGATCTGAGTCCTTGGGCCA

Il12p40 NM_214013 148 F: CTGAAGAAGACGGCATCACG R: AGGAGTGACTGGCTCAGAAC

Il23p19 NM_001130236 82 F: CTCCTTCTCCGCCTCAAGATCC R: TTGCTGCTCCATGGGCGAAGAC

Il15 NM_214390 164 F: CTGAGGATGGCATTCATGTC R: GGGATGAGCATCACTTTCAG

Ifnb NM_001003923 150 F: TGCAACCACCACAATTCCAGAAGG R:
TCTGCCCATCAAGTTCCACAAGGA

Ccl20 NM_001024589 147 F: TGCTCCTGGCTGCTTTGATGTC R:TCATTGGCGAGCTGCTGTGTG

Cox2 NM_214321 165 F: TAGGATTCAGGGCTTTCACTGGCT R:
TGTCAGCCGACAATGAGATGTGGA

Nod2 [41] 66 F: GAGCGCATCCTCTTAACTTTC R: ACGCTCGTGATCCGTGAAC

Gapdh XM_003126534 87 F: CTGAGACTCAACGAAGCTCACTGGC R: TTCTCCAGGCGGCAGGTCAGA

Hypox NM_001032376 142 F: GCAGCCCCAGCGTCGTGATT R: CGAGCAAGCCGTTCAGTCCTGT

doi:10.1371/journal.pone.0156019.t001
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microarray experiments. The cDNAwas generated by reverse transcription of 500 ng of total
RNA using the Quantitect cDNA synthesis kit (Qiagen) as per the manufacturer’s instructions.
The real-time qPCR experiments were performed on a CFX-96 rapid thermal cycler system (Bio-
Rad, Hercules, CA) using gene-specific primers (250 nM) and the SsoFast Evagreen supermix kit
(Bio-Rad), as per the manufacturer’s instructions. The cycling conditions were 3 min of polymer-
ase activation at 98°C, followed by 40 cycles at 98°C for 2 s and 57°C for 5 s. Melting curves were
generated after each run to confirm the presence of a single PCR product. The sequences of the
primers (Integrated DNA technologies, Coralville, IA) used for qPCR are shown in Table 1 and
were verified to have reaction efficiencies between 90% and 110%. The housekeeping genes
GAPDH and Hypoxanthine were found to be the most stably expressed (data not shown) using
the GeNorm applet v.3.5 (http://medgen.ugent.be/~jvdesomp/genorm/) and were therefore
used as reference genes to normalize the data. Fold changes in gene expression were calculated
using the comparative cycle threshold (Ct) method [40] using the CFX software manager v.3.0
(Bio-Rad). Samples frommock-infected monocytes or BMDCs were used as calibrators.

Statistical analysis
For PRRSV infectivity assays, a two-way analysis of variance (ANOVA) assay was performed
to compare viral replication in monocytes and BMDCs. For phagocytosis assays and intracellu-
lar survival assays, data are presented as the mean ± standard error of the mean. A Wilcoxon
matched-pairs ranked test was performed to compare the groups or One-way ANOVA fol-
lowed by Student-Newman-Keuls secondary analysis were performed to evaluate statistical dif-
ferences between BMDCs and monocytes. Prism v.5 (Graphpad) was used for data analysis.
P< 0.05 was considered statistically significant.

For microarray data analysis, text files containing the signal and detection P-values per
probe for each sample were imported into FlexArray software v.1.6.2 (McGill University and
Genome Quebec Innovation Centre; http://gqinnovationcenter.com/services/bioinformatics/
flexarray/index.aspx?l=e). Data were first processed by analyzing box plot of sample intensity
to ensure that signal intensity data were comparable between samples. Data were then pro-
cessed by applying a variance-stabilizing normalization (VSN) filter in order to normalize the
datasets. The VSN method fits the VSN model to raw microarray data. In contrast with other
methods of preprocessing two-color microarray data, VSN normalization is a one-step proce-
dure. The data are returned on a generalized logarithm scale to base 2. A principal component
of analysis plot was created to observe separation of different treatment groups. No outliers
were removed from the data. Scatter plots of expression were then analyzed to ensure that
probe data within a treatment group were not differentially expressed but also to verify that
some probes were differentially expressed between different treatment groups, indicating possi-
ble differentially expressed genes. Afterwards, ANOVA was used to search for differentially
expressed genes between infected and mock-infected groups. ANOVA results were then post-
processed in flexarray by a FDR correction using a Benjamini Hochberg algorithm. Differen-
tially expressed genes were defined by fold changes greater than 2-folds or smaller than 0.5 fold
with an accompanying P-value� 0.05. Heatmap was generated using VSN normalized data
(log2 based) generated from FlexArray software v.1.6.2. This data was then processed using
Gene Cluster 3.0 (Stanford University) [42]. A hierarchical clustering data set was generated
using a complete linkage method with uncentered correlation as similarity measure. The clus-
tering data generated by Gene Cluster 3.0 was then visualized using Java Tree View V 1.1.6r4
(Stanford University) [43].

For RT-qPCR analysis, fold-changes of gene expression were calculated using the CFX soft-
ware manager v.3.0 (Bio-Rad). Samples from mock-infected cells were used as calibrator.
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Results were analyzed using Sigmaplot 12.5 (Systat, Chicago, IL), and ANOVA was performed
to measure statistical differences between groups. Differences were considered statistically sig-
nificant at P� 0.05. A Pearson correlation analysis was done to evaluate correlation of RT-
qPCR data to microarray study for the validation of the microarray data.

Results

BMDCs are more susceptible than monocytes to PRRSV infection
Before studying the co-infection between PRRSV and S. suis, the toxicity as well as the infectiv-
ity and the replication of the IAF-Klop PRRSV and S. suis strains when cultured with porcine
monocytes and BMDCs was assessed. Preliminary studies with different bacterial/virus ratios
and incubation times were tested and those used in the present study represent the best combi-
nation that avoided toxicity. In fact, higher virus or bacterial concentration resulted in high
toxicity for cells (data not shown). PRRSV replicated in both cell types, significantly increasing
the amount of viral RNAs with time (Fig 1). Following PRRSV infection, viral replication in
BMDCs is significantly higher than that in monocytes. BMDCs are more permissive to the
virus (P< 0.05), since at t = 0 h (2 h after incubation with virus), PRRSV load was already
greater in BMDCs (23.8 ± 1.3 Ct) compared to monocytes (27.2 ± 1.4 Ct). The virus also repli-
cated more rapidly in BMDCs (P< 0.05). Indeed, after 16 h of infection, the viral load in
BMDCs reached 14.5 ± 0.6 Ct, compared with 22.7 ± 0.6 Ct in monocytes. The RT-qPCR val-
ues corresponded to an increase from 102 at 0 h to almost 105 TCID50/ml in BMDCs after 16 of
infection (data not shown). Between 16 h and 24 h of culture, PRRSV replication reached a pla-
teau in BMDCs, whereas for monocytes, a delayed but continuous viral replication was
observed after 16 h; viral load was nonetheless still lower than that of BMDCs. Bacterial replica-
tion was also highly significant, increasing from originally 105 up to more than 108 CFU/ml
after 12 h of incubation time (data not shown).

Fig 1. PRRSV quantification in porcine bonemarrow-derived dendritic cells (BMDCs) and porcine monocytes. Porcine
BMDCs and porcine monocytes were cultured for 2 h in presence of PRRSV virus before washing the cells to remove extracellular
virus (t = 0 h). Cells were then cultured for an additional 16 h and 24 h and PRRSV genome RNA was determined using RT-qPCR and
expressed in cycle threshold (Ct).

doi:10.1371/journal.pone.0156019.g001
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PRRSV infection weakly impairs S. suis phagocytosis by porcine
BMDCs but not intracellular survival
In a previous study [11], it was shown that porcine BMDCs could take up S. suis, even though
the capsule conferred a significant resistance to phagocytosis. The number of internalized S.
suis by BMDCs found during this experiment is in agreement with that previously reported
[11], with the number of phagocytized bacteria significantly increasing from 30 min to 90 min
(Fig 2A). When porcine BMDCs were pre-infected with PRRSV, a significantly lower number

Fig 2. Effect of PRRSV infection on internalization of S. suis by porcine bonemarrow-derived dendritic cells (BMDCs) and
monocytes and its intracellular survival.Cells were pre-infected with PRRSV or mock-infected. (A, B) Cells were incubated for 30 min, 60
min or 90 min to assess phagocytosis. (A) Porcine BMDC internalization of wild-type S. suis. (B) Porcine monocyte internalization of wild-
type S. suis. (C) Internalization of S. suis non-encapsulated mutant (Δcpsf) by porcine monocytes. (D) S. suis intracellular cell survival in
PRRSV-infected or mock-infected porcine BMDCs. The results show the percentage of viable bacteria, 100% being the number of viable
bacteria recovered after 1 h of culture.

doi:10.1371/journal.pone.0156019.g002
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of bacteria were internalized after all incubation times (Fig 2A). Monocytes were able to very
weakly phagocyte S. suis, and no difference was seen in the number of internalized bacteria
when cells were pre-infected with PRRSV for any of the time points (Fig 2B). Since the number
of monocyte-internalized bacteria was too low, we decided to confirm this result by using a
non-encapsulated mutant (S. suis Δcps2F) derived from the S. suis strain P1/7, which had been
previously shown to be more phagocytosed than its corresponding wild-type strain [11]. As
expected, a significantly greater number of non-encapsulated S. suis were internalized by por-
cine monocytes at all incubation times (P< 0.05); however, the number of ingested bacteria
was not modified by a PRRSV-pre-infection (Fig 2C).

If phagocytosed by APCs, bacteria have to be killed and processed for antigen presentation
to other cells of the immune system. To assess if PRRSV infection had an effect on the intracel-
lular survival of S. suis, the phagocytosis assay was modified as explained in material and meth-
ods. The number of internalized bacteria in monocytes was too low to perform intracellular
survival studies (data not shown). In order to compare the intracellular survival in mock-
infected and PRRSV-infected cells, the data were normalized and a value of 100% was set for
the number of surviving bacteria found after 1 h of internalization (Fig 2D). After 3 h, half of
the bacteria were killed and no difference was observed between PRRSV-infected and mock-
infected BMDCs (49.3 ± 16.7% and 50.9 ± 19% respectively; P> 0.05). Bacterial killing
increased until 5 h of culture for both treatments, with around 20% of survival at this last time
point. These results suggest that a prior infection with PRRSV would weakly but significantly
impair the uptake of bacteria by porcine DCs, but that it does not have any effect on S. suis kill-
ing following phagocytosis.

General microarray data analysis
An incubation time of 12 h after bacterial infection of virus pre-infected cells was chosen based
on preliminary data. In fact, earlier incubation times presented low and inconstant results and
longer incubation times revealed high cell toxicity (data not shown). Data from infected cells
were compared to mock-infected cells. Using an expression threshold� 2 fold with a P< 0.05,
a total of 113 and 35 genes were up- and down-regulated in BMDCs following S. suis infection,
respectively (Fig 3A). When cells were pre-infected with PRRSV, more than 270 genes were
either up- or down-regulated. Among these genes, only a few (40 out of 208) were found to be
up-regulated only in the presence of both pathogens, whereas more than half of the down-reg-
ulated genes (34 out of 65) were specific to the co-infection (Fig 3A). Differently from BMDCs,
monocytes infected by S. suis alone showed more down-regulated (144) than up-regulated (68)
genes (Fig 3B). This was also found in the presence of both pathogens, with 79 up-regulated
genes and 164 down-regulated genes (Fig 3B). Most of these genes were also regulated in
monocytes infected with S. suis alone (53 out of 79 for the up-regulated genes and 111 out of
164 for the down-regulated genes), although some up- and down-regulated genes that were
specific to PRRSV and S. suis co-infection (23 and 52 genes, respectively) were also observed
(Fig 3B). General response to virus infection was higher in BMDCs than in monocytes (135
and 16 genes modulated, respectively). These results reflect the relatively low response of
monocytes, which was probably the consequence of a lower viral infection rate (Fig 1). The
complete list of genes is shown in Additional file 1: S1, S2, S3 and S4 Tables.

An unsupervised hierarchical clustering of differentially expressed genes was performed
with BMDCs (Fig 4A) and monocytes (Fig 4B). Clustering of the genes displayed different pat-
terns of gene regulation in co-infected BMDCs compared to S. suis-infected BMDCs. Many
clusters of genes regulated by S. suis or PRRSV alone were also regulated in co-infected cells
(Fig 4A). Clustering of the genes in monocytes showed that most genes regulated during co-
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infection were, in fact, regulated by S. suis, thus confirming the lower effect of the viral infec-
tion on this cell type (Fig 4B).

Gene Ontology
Genes whose expression was upregulated or downregulated were sorted in different functional
groups according to gene ontology as shown in Fig 5. Similar categories of genes were modu-
lated in both cell types, although a higher level of up-regulation could be observed in BMDCs
(Fig 5A). In both monocytes and BMDCs, S. suis infection in the presence or absence of a prior
PRRSV infection clearly up-regulated the family of inflammatory-related receptor genes. Host
defense associated genes were highly induced by viral infection, with an even greater number
of up-regulated genes in S. suis/PRRSV co-infected BMDCs (Fig 5A). Other categories of up-
regulated genes in co-infected BMDCs were those associated to transcriptional and transla-
tional regulation and biological and metabolic processes and they will not be further analyzed

Fig 3. Number of differentially expressed genes in porcine monocytes and bonemarrow-derived
dendritic cells (BMDCs) following infection with PRRSV, S. suis, or co-infection with these two
pathogens. Venn diagrams representing the number of up-regulated and down-regulated genes in porcine
BMDCs (A) and porcine monocytes (B) following 12 h of infection with PRRSV alone, S. suis alone and co-
infection, as determined by the Agilent microarray study. Genes were considered differentially expressed
when a fold change greater than 2-fold (up-regulation or down-regulation) and a P value� 0.05 was
observed compared to the expression in mock-infected corresponding cells.

doi:10.1371/journal.pone.0156019.g003
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in this study. On the other hand, down-regulated genes were mostly observed in monocytes
activated by S. suis in the presence or absence of PRRSV (Fig 5B). Down-regulation of genes
associated with transcriptional and translational regulations was found to be down-regulated
in co-infected or S. suis-infected BMDCs.

Cytokine and chemokine gene regulation and inflammatory response
Genes coding for cytokines, chemokines, or molecules involved in cytokine signaling were
mostly regulated in BMDCs and, to a lesser extent, in monocytes. Especially for BMDCs, S. suis
infection or co-infection induced the expression of a large panel of genes involved in the
recruitment of innate immune cells and the inflammatory response, whereas PRRSV alone or
in co-infection induced the expression of type I IFNs and IFN-inducible genes. More specifi-
cally, BMDCs infected with S. suis showed a clear upregulation of CCL3L1, CCL4/MIP-1β and
CCL14/HCC-1 (known to attract and/or activate monocytes, macrophages and/or immature
DCs), CCL5/RANTES, and CCL8/MCP-2 (chemotactic for monocytes, macrophages, imma-
ture DCs, basophils, and activated T cells) as well as CCL20/MIP-3α (known to recruit imma-
ture DCs and memory T cells) (S1 Table). In addition, CXC- chemokines such as CXCL2/

Fig 4. Heat-map of hierarchical clustering analysis of differentially expressed genes.Genes
differentially expressed in porcine bone marrow-derived dendritic cells (BMDCs) (A) or monocytes (B) were
subjected to hierarchical clustering using the complete linkage method with uncentered correlation as
similarity measure. Each row represents a different gene and columns represent individual samples from
mock-, S. suis-, PRRSV- or PRRSV/S. suis-infected cells from 3 different animals. Bright blue indicates a low
expression while bright yellow indicates a high expression.

doi:10.1371/journal.pone.0156019.g004
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MIP-2α, CXCL5/AMCF-II and CXCL8/IL-8 (chemotactic for polymorphonuclear cells), were
also expressed at higher levels in BMDCs infected with S. suis. The bacterial infection induced
the overexpression of IL-6, TNF-α, IL-1β, IL-15, IL-12p40, and IL-23p19 (the two last being
the two subunits of IL-23) (S1 Table).

Following PRRSV/S. suis co-infection, all of the above mentioned genes were still up-regu-
lated (S1 Table). In fact, an additive effect could be observed for inflammatory mediators such
as CCL4, CCL14, CCL20, and IL-15. Interestingly, a clear synergistic effect on IL-6, CCL5 and
TNF-α up-regulation could be observed after co-infection (S1 Table). PTGS2 (COX-2),
another pro-inflammatory gene involved in the prostaglandin pathway, was also induced in
BMDCs (and to a lesser extent in monocytes) infected with S. suis (S1 and S3 Tables). Since
this gene was also up-regulated by PRRSV infection in BMDCs, an additive effect could be
observed in co-infected cells (S1 Table).

Type I IFNs are key cytokines playing a pivotal role in the anti-viral response and may also
be involved in the response to bacterial infections [44]. Type I IFNs (genes coding for IFN-α
and IFN-β) were found to be highly up-regulated by PRRSV and similar levels were observed

Fig 5. Gene ontology analysis of the differentially expressed genes in porcine bonemarrow-derived dendritic cells
(BMDCs) and porcine monocytes following PRRSV infection, S. suis infection and co-infection with the two pathogens. (A)
Up-regulated and (B) down-regulated genes in monocytes and BMDCs infected with PRRSV, S. suis or co-infected with both
pathogens.

doi:10.1371/journal.pone.0156019.g005
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in co-infected BMDCs. Interestingly, IFN-β expression was also clearly up-regulated by S. suis
(S1 and S2 Tables). IRF-1, a transcription factor responsible for the expression of IFN-induc-
ible genes, was also up-regulated in BMDC stimulated by both pathogens.

S. suis stimulated monocytes presented up-regulation of very few chemokine/cytokine
genes, such as CCL5, CCL20, IL-12p40, and IL-23p19 (S3 Table). PRRSV pre-infection of cells
did not influence, in general, the activation of such genes by S. suis. Conversely, some genes
implicated in the inflammatory response were downregulated following stimulation by S. suis
or both pathogens, such as those coding for the chemokine receptors CCR3 (receptor for
CCL5, -11, -13, and -28) and CXCR2 (receptor for CXCL1, -2, -3, -5, -7, and -8) (S4 Table).

Genes associated with host defense
Most of modified genes associated with host defense were up-regulated in BMDCs by PRRSV
infection only and S. suis appeared to have little effect on the expression of such genes.
Amongst them, IRG-6 and GBP-1 code for molecules that adhere to pathogen-containing vac-
uoles to inhibit the intracellular growth of these pathogens [43]. The upregulation of genes
from the IFIT family, which are genes coding for anti-viral proteins interfering with virus repli-
cation [44], as well as three other anti-viral genes: MX1, MX2 and OAS, was observed. PRRSV
and S. suis co-infection also induced the expression of DDX58 and IFIH1, two members of the
RIG-I-like receptors (RLRs) family, coding for RIG-I and MDA5, which are cytoplasmic sen-
sors of viral infections. The triggering of these receptors recognizing PAMPs leads to the pro-
duction of type I IFNs and pro-inflammatory cytokines. Although S. suis was not able to up-
regulate NOD2, it induced (in presence or absence of PRRSV infection) genes responsible for
NLRP3, a receptor which recognizes damage-associated molecular patterns.

Validation of microarray data by real-time qPCR
The expression levels of selected genes found to be differentially expressed by Agilent microar-
ray assay were confirmed using real-time qPCR analysis in order to validate the microarray
assay results. The expression of 10 genes upregulated in BMDCs were studied (Table 2). Three
of these genes (IL-12p40, IL-23p19 and CCL20) were also tested in monocytes. The majority of
the genes tested were modified in similar proportions to those observed in the microarray
study (Table 2). In fact, a significant correlation of the RT-qPCR data to the microarray data
was observed with a Pearson R value of 0.9832 (R2 = 0.9667, P< 0.0001). Small differences
sometimes observed could be due to different sensitivity and design of the probes or the prim-
ers used in the microarray and the real-time qPCR experiments.

Discussion
Co-infection with PRRSV and S. suis generally induces exacerbated disease leading to an
increased morbidity and mortality [24]. Despite the important economic impact of this co-
infection on the porcine industry, few studies have examined the pathogenesis of the concur-
rent infections and few data on the immune mechanisms that may lead to the greater suscepti-
bility of co-infected animals are available. In the present study, we evaluated the effect of a
PRRSV infection on the response to a subsequent S. suis co-infection with two types of cells:
BMDCs and monocytes. We mainly focused the analysis in our study on the inflammatory
genes that may be affected during a co-infection. In the bloodstream, PRRSV comes in contact
with both cell populations that display different susceptibility to PRRSV infection. While por-
cine DCs have been reported to be very susceptible to PRRSV infection [44], porcine mono-
cytes may be more refractory to it [45]. Similar results were obtained in the present study, since
BMDC were clearly more permissive to virus replication than monocytes.
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Once S. suis reaches deep tissues and bloodstream, it is subjected to the action of phagocytic
cells of the immune system. However, in the absence of specific antibodies, it is relatively able
to resist phagocytosis and persists in the blood with important inflammatory consequences [9].
S. suis also interacts with DCs and monocytic cells [10,11], and a previous infection with
PRRSV may have an important influence on cell responses. It has been described that porcine
DCs are able, to a certain extent, to internalize well-encapsulated S. suis, despite the anti-
phagocytic role of the CPS [11]. Results obtained in this study confirmed such observations,
where phagocytosis seems to be time-dependent. However, a pre-infection with PRRSV signifi-
cantly reduced (around 50%) the internalization of encapsulated S. suis by BMDCs, though it
did not affect the killing rate of intracellular bacteria. It is not clear if these differences observed
in vitromay have a real influence on the level of antigen processing in vivo. Previous studies
showed a decreased phagocytic activity of beads and dextran by PRRSV-infected porcine pul-
monary alveolar macrophages and monocyte-derived DCs [45,46]. Interestingly, this is the
first study showing the effect of PRRSV on the phagocytic properties of DCs using live bacterial
pathogens. Very few studies reported the effect of PRRSV on the phagocytic properties of

Table 2. Validation of microarray gene expression using real-time qPCR in porcine bone-marrow derived dendritic cells (BMDCs) andmonocytes
infected with PRRSV, S. suis, or co-infected with both PRRSV and S. suis.

Gene Quantification method Fold increase in expression

PRRSV S. suis PRRSV & S. suis

BMDCs

Il-6 Microarray 3.8 35.9 51.8

qPCR 6.6 ± 2.2 117.8 ± 63.2 150.5 ± 67.2

CXCL8 Microarray 1.5 6.6 7.0

qPCR 1.9 ± 0.4 11.6 ± 4.0 10.1 ± 2.4

IL-12p40 Microarray 1.9 3.3 5.7

qPCR 2.7 ± 0.4 2.9 ± 0.7 7.1 ± 2.4

IL-23p19 Microarray 1.8 26.4 29.2

qPCR 2.6 ± 0.4 3.9 ± 1.5 4.2 ± 0.6

IL-15 Microarray 3.1 2.1 4.9

qPCR 4.7 ± 1.6 2.4 ± 0.6 8.3 ± 3.6

TNF Microarray 8.6 26.5 45.1

qPCR 10.6 ± 3.1 19.7 ± 5.6 42.5 ± 11.8

IFN-β Microarray 300.9 10.9 308.7

qPCR 853.1 ± 286.1 17.1 ± 6.3 696.8 ± 240.9

CCL20 Microarray 6.5 37.3 47.5

qPCR 8.2 ± 1.8 40.0 ± 16.2 57.4 ± 18.9

COX-2 Microarray 6.5 5.3 11.0

qPCR 10.2 ± 3.7 5.7 ± 1.1 14.0 ± 3.2

NOD-2 Microarray 2.4 1.9 3.1

qPCR 2.9 ± 0.5 1.8 ± 0.3 3.1 ± 0.5

Monocytes

Il-12p40 Microarray -1.3 19.4 25.8

qPCR 1.0 ± 0.3 7.4 ± 2.2 7.5 ± 2.2

IL-23p19 Microarray -1.3 10.1 16.5

qPCR -1.1 ± 0.4 6.6 ± 1.9 12.9 ± 2.3

CCL20 Microarray 1.4 5.0 9.6

qPCR 1.6 ± 0.7 4.6 ± 1.0 11.7 ± 3.2

doi:10.1371/journal.pone.0156019.t002
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PAMs against live extracellular bacteria. More precisely, a pre-infection of pulmonary alveolar
macrophages with PRRSV induced either a decreased activity or had no impact on their ability
to ingest and kill Haemophilus parasuis, depending on the study [25,26]. To date, no study had
been carried out with PRRSV/S. suis co-infected cells. On the other hand, S. suis was almost
not phagocytosed by monocytes and a pre-infection with PRRSV did not change such observa-
tions. Although no differences could be observed between either virus-infected and control
cells when a non-encapsulated mutant was used, it remains unclear if herein obtained results
are simply related to the low PRRSV infectivity of monocytes. It should be noted that results
from the present study are in vitro, whereas in vivo, other factors may also influence the phago-
cytosis of bacteria by professional phagocytic cells.

A handful of studies investigated the modification of gene expression following in vitro
infection of monocytes, pulmonary alveolar macrophages or DCs by PRRSV, some of these
using whole transcriptional analyses [47,48]. Very few studies have analyzed the complete gene
expression profiles of monocytes or alveolar macrophages activated by S. suis [49,50]. Yet,
none has determined the activation profile of S. suis-infected DCs. In addition, the transcrip-
tional immune response of porcine cells after a co-infection with PRRSV and S. suis had not
been previously addressed. Gene ontology showed that the main groups of regulated genes
were pro-inflammatory mediators and related receptors, as well as host defense genes. Regu-
lated genes of these groups were the main focus of this study. PRRSV induced differential
expression of a higher number of genes in BMDCs than in monocytes, as a possible conse-
quence of a lower virus infectivity of the latter cell type. As previously mentioned, it has been
reported that monocytes may not be optimally infected by some strains of PRRSV [45].

The innate immune response is the first line of defense against infection [51]. PRRSV infec-
tion of cells clearly up-regulated IFN-β and, to a lesser extent, IFN-α, confirming previous pub-
lished data [52,53]. Interestingly, S. suis also up-regulated IFN-β and, to a lesser extent, IFN-α.
Although the up-regulation of type I IFN genes has previously been reported in vitro with
swine epithelial cells [54] and in vivo in a mouse model of infection [16], this is the first report
of a clear up-regulation of such genes by porcine DCs infected with S. suis. Type I IFNs are
now known to play important roles in infections caused by extracellular bacteria, including
streptococci [55]. Although the co-infection did not potentiate the expression of type I IFNs
compared to cells infected with PRRSV alone, the elevated production of these cytokines by
PRRSV could have an incidence on the bacterial infection. IFN-β has been shown to potentiate
the septic shock syndrome or to induce the inhibition of the myeloid cell response to IFN-γ, an
important cytokine for bacterial clearance [56,57]. However, this hypothesis remains to be
confirmed.

One of the hallmarks of the disease caused by S. suis is an excessive inflammatory host reac-
tion during both systemic (septic shock) and central nervous system (meningitis) infections.
Previous studies showed that highly virulent S. suis serotype 2 strains induced high levels of
pro-inflammatory cytokines, which resulted in a cytokine storm that induced higher suscepti-
bility to the infection [16,58]. In vitro results obtained in the present study confirmed that
BMDCs infected by S. suis induce the up-regulation of potent inflammatory mediators. When
cells were pre-infected with PRRSV, a clear additional or synergistic effect on the expression of
chemokines and pro-inflammatory cytokines could be observed when compared to cells
infected by a single pathogen. We recently reported that in vitro co-infection of swine epithelial
cells with S. suis and swine influenza virus showed an important synergy between the two path-
ogens regarding the up-regulation of genes coding for inflammatory mediators [54]. A recent
study carried out in vivo confirmed such observations, also showing a clear increase in clinical
signs observed in co-infected animals [59]. More specifically, PRRSV/S. suis co-infection
potentiates the up-regulation of IL-6, CCL5 and TNF-α. Interestingly, it has already been
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reported that S. suis is able to induce the production of CCL5 in vivo and in vitro [15,60], and
this expression was also synergistically increased when cells were pre-infected with swine influ-
enza virus [54]. Both TNF-α and IL-6 are known to be key cytokines in the inflammatory
response and their over-expression in PRRSV and S. suis co-infected cells could suggest an
increased pro-inflammatory response detrimental for co-infected animals. Moreover, the
increased expression of the chemokine CCL5 could participate in a positive feedback loop of
the inflammatory response by enhancing the recruitment of macrophages, immature DCs or
basophils.

Prostanoids (prostaglandins and thromboxane A2) appear to be important regulators of
both the onset and resolution of the inflammatory response. These molecules derive from ara-
chidonic acid, an unsaturated fatty acid that is released from the plasma membrane by phos-
pholipases in response to several activation stimuli, including pro-inflammatory mediators
[61]. It is subsequently metabolized by cyclooxygenases (COXs) and lipoxygenases to generate,
among other products, prostaglandins (PG). The inducible enzyme COX-2 (PTGS2 gene),
which catalyzes the first step in the biosynthesis of PGs from arachidonic acid, is known to con-
tribute to the acute phase of inflammation, especially by catalysing PGE2 production. Recent
results showed that S. suis infection results in a shift toward an induction of pro-inflammatory
lipid mediators and that treatment with fenretinide is able to reduce the levels of arachidonic
acid and hence, reduce the excessive pro-inflammatory response in vivo [16]. In addition, S.
suis is able to induce the secretion of PGE2 by human macrophages [62]. In the present study,
both PRRSV and S. suis up-regulated the expression of COX-2 and the effect was clearly addi-
tive when the two pathogens acted together. A synergism concerning this mediator was
recently observed in S. suis/swine influenza virus co-infected epithelial cells [54]. It may be
hypothesized that lipid mediators play an important role in inflammation during S. suis infec-
tion and this role would be amplified during co-infections with important porcine pathogenic
viruses.

Co-infections of PRRSV/S. suis leading to an exacerbated inflammation would confirm pre-
vious results obtained in PRRSV co-infections. For example, cells co-infected with PRRSV and
porcine circovirus produced more TNF than cells infected with either pathogen [63,64]. An
exacerbated inflammatory response was also described in pigs co-infected with PRRSV and
Mycoplasma hyopneumoniae [65]. A clear synergism of the inflammatory response was also
observed between PRRSV and LPS [66–68]. However, results obtained in the present study
should still be confirmed in vivo.

In conclusion, this study suggests that PRRSV infection can modulate the innate immune
system by partially acting on the phagocytosis of S. suis, but mainly by modulating the develop-
ment of an exacerbate inflammatory response. DCs, more susceptible to virus infection, are
important players in such response. The results of the present study are the first step in under-
standing the immunological mechanisms explaining the higher susceptibility of PRRSV-
infected animals to S. suis. In vivo studies, presently underway, will help to better understand
the mechanisms involved during co-infections with these two important swine pathogens.
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