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Abstract

Background: Currently, an in vitro immunogenicity screening system for the immunological assessment of
potential porcine reproductive and respiratory syndrome virus (PRRSV) vaccine candidates is highly desired. Thus, in
the present study, two genetically divergent PRRSVs were characterized in vitro and in vivo to identify an in vitro
system and immunological markers that predict the host immune response. Porcine alveolar macrophages (PAMs)
and peripheral blood mononuclear cells (PBMCs) collected from PRRSV-negative pigs were used for in vitro
immunological evaluation, and the response of these cells to VR2332c or JA142c were compared with those
elicited in pigs challenged with the same viruses.

Results: Compared with VR2332c or mock infection, JA142c induced increased levels of type I interferons and pro-
inflammatory cytokines (TNF-α, IL-1α/β, IL-6, IL-8, and IL-12) in PAMs, and these elevated levels were comparable to
the cytokine induction observed in PRRSV-challenged pigs. Furthermore, significantly greater numbers of activated
CD4+ T cells, type I helper T cells, cytotoxic T cells and total IFN-γ+ cells were observed in JA142c-challenged pigs
than in VR2332c- or mock-challenged pigs.

Conclusions: Based on these results, the innate immune response patterns (particularly IFN-α, TNF-α and IL-12) to
specific PRRSV strains in PAMs might reflect those elicited by the same viruses in pigs.
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Background
Porcine reproductive and respiratory syndrome virus
(PRRSV), a positive-sense RNA virus belonging to the
family Arteriviridae of the order Nidovirales, exerts a sig-
nificant economic impact on the swine industry world-
wide [1–3], with an estimated annual loss of at least $664
million in the USA alone [4]. PRRSV possesses a 15-kb
polycistronic genome containing two large open reading
frames (ORFs 1a and 1b) that encode non-structural pro-
teins (NSPs) and eight structural protein-encoding ORFs
(2a, 2b, 3, 4, 5a, 5, 6 and 7) [5, 6]. PRRSV is broadly
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classified into two divergent genotypes, European (Type I)
and North American (Type II), with Type II PRRSVs fur-
ther sub-divided into at least nine different genetic line-
ages with inter-lineage genetic distances varying from 11
to 18% [7, 8]. The high genetic variability that exists be-
tween different PRRSV strains has resulted in increased
antigenic and immunological diversity [9, 10]. This diver-
sity among PRRSVs not only hinders our understanding of
PRRSV-induced immunity in pigs but also poses a serious
hurdle for the selection of immunogenic strains for vac-
cine development [11]. Moreover, due to the lack of im-
munological classification of divergent PRRSV strains and
reliable parameters for predicting vaccine protection, the
immunogenicity and protective efficacy of PRRSV vaccine
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candidates can be only evaluated through challenge exper-
iments in pigs [12].
The immune responses elicited by PRRSV in vitro and

in vivo have been well-studied, but researchers have not
reached a consensus on immune response patterns.
PRRSV reportedly up-regulates IL-10 [13–15] and in-
duces insignificant amounts of or inhibits the expression
of type I interferons (IFNs) and TNF-α in vitro and/or
in vivo [16–20]. However, some in vitro and in vivo
studies have also demonstrated that the induction of
these cytokines is strain dependent [21–24]. According
to the majority of studies, PRRSVs induce IL-8 [25, 26],
and the in vitro/ex vivo induction of IL-6 by PRRSV has
also been reported [27–29].
Our current understanding of cell-mediated immune

responses to PRRSV is unclear. IFN-γ has been used as
a marker of Th1 polarization during PRRSV infection
[30, 31]. Cytotoxic T cell activity against PRRSV-infected
macrophages was only induced at 49 days post-infection
[32], and weak PRRSV-specific cytotoxic T cell responses
(CD8+IFN-γ+) were reported in another study [33]. Fur-
thermore, PRRSV infection increases the number of
TGF-β producing regulatory T cells (TRegs) [34]. In
addition, monocyte-derived dendritic cells (MoDCs) in-
fected with PRRSV do not increase the frequency and
proliferation of TRegs in an in vitro co-culture system
[35]. The negligible innate immune responses induced
by PRRSV may severely affect adaptive immunity; along
with other irregular adaptive immune processes, this im-
paired response leads to overall immune inefficiency and
co-infections [36]. Therefore, it is important to under-
stand early innate immunity events to gain insight into
the immune response to PRRSV infection [37, 38].
The role of neutralizing antibodies (NAbs) during PRRSV

infection is not completely understood [39]. PRRSV NAbs
usually appear during the third or fourth week
post-infection [36], and an NAb titre of 1:8 is sufficient to
Fig. 1 PRRSV replication in PAMs and pigs. a Multi-step growth curve of PR
titration using MARC-145 cells. b Viral loads in pig sera (n = 5) at 0, 3, 7, 14,
PRRSV. The bars represent the means, and the error bars represent the stan
values that differ significantly from each other (p < 0.05)
block viremia in PRRSV-infected pigs. However, NAb in-
duction may be dependent on the strain of PRRSV [40, 41].
Given the strain-dependent elicitation of innate,

cell-mediated and humoral immune responses by
PRRSV, multiple virus strains should be investigated to
gain a better understanding of PRRSV immunobiology
[9]. Thus, there is a need to select an in vitro system to
immunologically classify diverse PRRSVs and to predict
the protection and immune responses induced by vac-
cine candidates. The majority of previous studies exam-
ining PRRSV-induced immune responses have used a
single PRRSV strain that was tested either in vitro or
in vivo but rarely both. These studies also failed to take
into account the effects of PRRSV strain diversity, im-
mune evaluation systems, or both when drawing general
conclusions regarding PRRSV immunobiology. To fill in
these gaps, the current study focused on two important
goals: i) in vitro and in vivo characterization of the im-
mune responses elicited by two divergent Type II
PRRSV strains, and ii) identification of a feasible in vitro
model or specific immunological markers to predict the
in vivo immune responses induced by a PRRSV strain.

Results
PRRSVs replicated at similar levels in PAMs and pigs
A multi-step growth curve for PRRSV replication in
PAMs was constructed by measuring viral titres in cell
lysates at 6, 12, 24, 36 and 48 h post-infection (hpi).
Slightly higher levels of viral replication were observed
for JA142c than for VR2332c in PAMs (Fig. 1a) and in
pigs (Fig. 1b), but these differences were not statistically
significant. Neither strain produced viral titres at 6 hpi
in PAMs, but JA142c and VR2332c exhibited titres of
102.5 and 101.5 TCID50/mL at 12 hpi, gradually increasing
to 103.75 and 103.5 TCID50/mL, respectively, at 48 hpi. In a
pig challenge model, the animals were tested for viremia
at 0, 3, 7, 14, 21 and 28 dpc. The mean levels of viremia in
RSVs in PAMs (n = 6) at 6, 12, 24, 36 and 48 hpi, as determined by
21 and 28 dpc, as determined by a quantitative real-time PCR for
dard errors of the mean (SEM). Bars showing different letters represent
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pigs challenged with VR2332c or JA142c peaked at 14 and
7 dpc, with values of 104.6 and 105.3 TCID50/mL, and then
gradually decreased to 100.5 and 101.1 log10TCID50/mL, re-
spectively. Overall, JA142c and VR2332c demonstrated
similar levels of replication in pigs and PAMs.

JA142c exhibited increased cytokine transcript and
protein levels in PAM and PBMC cultures
Cytokine levels in PAMs, PBMCs and cell supernatants
or lysates were evaluated by real-time PCR and/or
ELISA. Compared to those of mock infection or
VR2332c, JA142c and poly I:C induced significantly in-
creased transcript levels of IFN-β and pro-inflammatory
cytokines (IL-1α, IL-1β, IL-6, IL-8, IL-12, and TNF-α) at
either two or all three time points assayed (12, 24 and
36 hpi) (Fig. 2a). Furthermore, significantly higher
TNF-α and IFN-α levels were observed in the cell lysates
of JA142c-infected PAMs than in the cell lysates of the
mock- or VR2332c-infected groups for at least two out of
Fig. 2 Cytokine expression in PAM cultures. a mRNA and b protein expressio
real-time PCR and ELISA, respectively, at 12, 24 and 36 hpi. Asterisks indicate s
stimulant compared with mock treatment or significant differences between
three time points (Fig. 2b). However, there was no signifi-
cant difference in IL-12 protein expression in PAM lysates
between groups. In naïve PBMCs, JA142c induced signifi-
cantly higher IL-1α, IL-1β and TNF-α mRNA transcript
levels at 12 and/or 36 hpi (Fig. 3a). Further, TNF-α protein
expression in JA142c-stimulated naive PBMCs was signifi-
cantly higher at 12 and 36 hpi (Fig. 3b).

JA142c induced higher levels of type I IFNs and pro-
inflammatory cytokines in pigs
Regarding cytokine mRNA transcript levels in PBMCs
collected from virus-challenged pigs, JA142c-infected
pigs had significantly higher transcript levels of IFN-β
and IL-6 that pigs subjected to other treatments at 7 or
14 dpc. The transcript levels of IL-8, IL-12 and IFN-γ at
7, 21 or 28 dpc were higher in JA142c-infected pigs than
in the other groups, but these differences were not sta-
tistically significant (Fig. 4). Serum cytokines in pigs
were evaluated by performing ELISA (Fig. 5).
n of cytokines in PAMs and supernatants (n = 6), as determined by
ignificant differences in the cytokine expression induced by each virus or
JA142c and VR2332c (* indicates p≤ 0.05, ** indicates p≤ 0.01)



Fig. 3 Cytokine expression in PBMC cultures. a mRNA and b protein expression of cytokines in PBMCs and supernatants (n = 6), as determined by
real-time PCR and ELISA, respectively, at 12, 36 and 72 hpi. Asterisks indicate significant differences in cytokine expression induced by each virus
or stimulant compared with mock treatment or significant differences between JA142c and VR2332c (* indicates p≤ 0.05, ** indicates p≤ 0.01)
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Although a significantly stronger induction of serum
IFN-α was observed in VR2332c-infected pigs than in
mock-infected pigs at 3 dpc, JA142c induced serum
IFN-α levels that were significantly and consistently
higher than those in either the VR2332c- or
mock-infected groups until 14 dpc. Moreover, serum
pro-inflammatory cytokine induction was enhanced.
Specifically, TNF-α and IL-12 levels were significantly
higher in JA142c-infected pigs from 7 to 14 dpc than
in VR2332c- and mock-infected pigs; however, com-
parable levels of these cytokines were found in
JA142c- and VR2332c-infected pigs at 21 and 28 dpi.
JA142c also induced significantly higher serum levels
of IL-4 at 21 dpc than did VR2332c.
A type I IFN bioassay using sera from virus-challenged

pigs at 3 dpc revealed significantly higher antiviral activ-
ity in JA142c-challenged pigs than in mock- and
VR2332c-challenged pigs (Fig. 6).

JA142c induced an enhanced cell-mediated immune
response in pigs
As shown in Fig. 7, JA142c induced a significantly higher
proportion of activated CD4+ T cells (CD4+CD25+FoxP3−)
at 21 and 28 dpc than did mock or VR2332c challenge in
pigs. In addition, significantly higher numbers of type I
helper T cells (CD4+IFN-γ+) and cytotoxic T cells
(CD8+IFN-γ+) among PBMCs were observed in
JA142c-infected pigs at 14 and 21 dpc than in mock- or
VR2332c-challenged pigs. Total IFN-γ+ lymphocytes in
the JA142c-infected group were significantly higher at 14
and 21 dpc. Furthermore, regulatory T cell
(CD4+CD25+FoxP3+) numbers were significantly lower in
JA142c-infected pigs at 3 dpc and in JA142c- and
VR2332c-infected pigs at 14 dpc than in the
mock-infected group, although these levels gradually in-
creased by 28 dpc in both groups.
Induction of PRRSV-specific antibodies after challenge
The PRRSV-specific antibody (IgG) response was mea-
sured by performing a nucleocapsid (N) protein-based
ELISA for the two virus-challenged groups. The pigs ser-
oconverted after 2 weeks of exposure to PRRSV and
remained seropositive until the end of the study (Fig. 8a).
The negative control group remained seronegative until
the end of the study. No significant differences in the



Fig. 4 mRNA transcription of cytokines in PBMCs collected from pigs infected with the VR2332c and JA142c PRRSV strains at 0, 7, 14, 21 and 28
dpc. Analysis of mRNA transcription in PBMCs (n = 5) collected from infected and control pigs using real-time PCR. Asterisks indicate significant
differences in cytokine expression induced by each virus compared with mock treatment or significant differences between JA142c and VR2332c
(* indicates p≤ 0.05)
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IgG response were detected between the JA142c- and
VR2332c-challenged groups.
NAb levels in the collected serum samples were deter-

mined using an FFN assay. At 28 dpc, only homologous
NAbs were induced, and no significant cross-NAbs were
induced by either VR2332c or JA142c (Fig. 8b and c).

Lung pathology and viral load
JA142c-infected pigs (3.1 ± 0.67 TCID50/mL) had higher
residual viral loads in the lung than VR2332c-infected
pigs (1.662 ± 0.22 TCID50/mL); however, this difference
was not statistically significant (Fig. 9a). Furthermore,
there were no significant differences in gross or micro-
scopic lung lesion scores among the groups challenged
with JA142c or VR2332c (Fig. 9b & c).

Discussion
It has been demonstrated that type I IFNs (IFN-α and
IFN-β) play an important role in the induction of innate
and adaptive immunity during PRRSV infection [42, 43].
In the current study, JA142c induced higher IFN-α pro-
duction in PAMs than did VR2332c. This differential
IFN-α induction in PAMs is consistent with the results
of previous study that demonstrated variable IFN-α
production in response to different Type II PRRSV iso-
lates [22]. Moreover, compared with VR2332c, JA142c
induced the production of significantly increased serum
IFN-α levels in pigs from 3 to 14 dpc, which is in partial
agreement with a previous study demonstrating lower
levels of serum IFN-α in VR2332c-infected pigs [44]. In
addition, JA142c induced significantly higher IFN-β tran-
scription than did VR2332c in naïve PAMs, similar to the
results of previous studies describing high IFN-β transcrip-
tion in PAMs following infection by several PRRSV strains
[45–47]. Because PRRSV could modulate and block type I
IFN induction [39], these results indicated that VR2332c
might exert enhanced inhibitory effects on type I IFN pro-
duction in PAMs as well as in pigs. Furthermore, in the
present study, JA142c induced significantly higher TNF-α
production in PAMs and pigs than did VR2332c. This ob-
servation is consistent with previous studies that reported
various levels of TNF-α induction in PRRSV-infected
PAMs, PBMCs, or pigs [9, 19, 20, 25, 44, 48–50]. TNF-α is
another major pro-inflammatory cytokine that promotes
the antiviral state in uninfected neighbouring cells and
recruits lymphocytes to sites of infection [48]. Similarly,
significantly higher mRNA transcription of other
pro-inflammatory cytokines (IL-1α/β, IL-6, IL-8 and IL-12)



Fig. 5 Serum cytokine levels in PRRSV-infected pigs. Sera collected from pigs (n = 5) at 0, 3, 7, 14, 21 and 28 dpc were analysed for a IFN-α;
b TNF-α; c IL-12; d IL-10; and e IL-4 by ELISA. Each bar represents the average cytokine amount from 5 pigs ± SEM. Bars showing different letters
represent values that differ significantly from each other (p < 0.05)

Fig. 6 Type I IFN bioassay using sera from PRRSV-challenged pigs at
3 dpc. MDBK cells (n = 6) in 96-well plates were infected with VSV
and incubated until a CPE was evident in mock-treated control cells.
Type I IFN bioactivity in the serum was measured by performing a
type I IFN bioassay
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was also observed in PAMs and JA142c-challenged pigs at
7 dpc than in VR2332c-challenged pigs, which is partially
consistent with previous studies that demonstrated lower
levels of IL-1β, IL-6 and IL-8 in VR2332c-challenged pigs
[44, 51]. Therefore, it was concluded that compared with
VR2332c, JA142c consistently induced significantly higher
levels of important pro-inflammatory cytokines in PAMs
and pigs.
When T cell responses were analysed in pigs chal-

lenged with JA142c and VR2332c, compared with those
from VR2332c- or mock-challenged pigs, PBMCs from
JA142c-challenged pigs contained significantly larger
populations of activated CD4+ T cells (CD4+CD25+) and
exhibited significant and early increases in type I helper
T cells (CD4+IFN-γ+) and total IFN-γ+ cells. Cytotoxic T
cells (CD8+IFN-γ+) in both JA142c- and VR2332c
-infected pigs increased at 14 dpc, but the JA142c group



Fig. 7 Frequency of immune cells in PBMCs derived from PRRSV-infected pigs. a Activated CD4+ T cells (CD4+CD25+Foxp3−), b type I helper T cells
(CD4+IFN-γ+), c cytotoxic T cells (CD8+IFN-γ+), d total PBMCs expressing IFN-γ+ and e TRegs (CD4

+CD25+Foxp3+). Each bar represents the average
percentage of immune cells from 5 pigs ± SEM. Bars showing different letters represent values that differ significantly from each other (p < 0.05)
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had a significantly larger population of cytotoxic T lym-
phocytes (CTLs) than the mock- and VR2332c-infected
groups. In a previous study, low numbers of
PRRSV-specific IFN-γ+ CD8+ T cells were associated
with a delayed CTL response [33].

Conclusions
Collectively, based on the results of the current study,
JA142c induced more efficient innate and adaptive im-
mune responses in vitro and in vivo than did VR2332c.
Furthermore, of the two in vitro screening systems for im-
munogenicity (PAMs and PBMCs), PAMs generated im-
mune response patterns to both PRRSVs that were similar
to those elicited by these viruses in pigs. Thus, PAMs may
be used as an immunogenicity screening tool for the selec-
tion of vaccine candidates against PRRSV. Finally, the in-
duction of IFN-α, TNF-α and IL-12 in PAMs might
represent vital immune markers to predict the immuno-
genicity of PRRSV vaccine candidates in pigs.

Methods
Cells and viruses
MARC-145, an African green monkey kidney cell line
that is highly permissive to PRRSV, was used for virus
propagation and maintained in Roswell Park Memorial
Institute (RPMI)-1640 medium (Gibco® RPMI 1640, Life
Technologies, Carlsbad, CA, USA) supplemented with
heat-inactivated 10% fetal bovine serum (FBS, Life Tech-
nologies), 2 mM L-glutamine, and 100X Antibiotic
-Antimycotic (Anti-anti, Life Technologies) containing
100 IU/mL penicillin, 100 μg/mL streptomycin, and
0.25 μg/mL Fungizone® (amphotericin B) in a 5% CO2

humidified chamber at 37 °C. In this study, this medium
is referred to as complete RPMI (cRPMI) medium. Two



Fig. 8 Antibody and Nab titres in PRRSV-infected pigs. a Weekly
antibody titres in infected pigs were measured by performing a
PRRSV ELISA. The 0.4 S/P ratio represents the designated threshold
value and is indicated by a dashed line. b SVN antibody titres of sera
collected from pigs infected with JA142c (n = 5) or VR2332c (n = 5)
tested against JA142c at 21 and 28 dpc. c SVN antibody titres of sera
collected from pigs infected with JA142c or VR2332c tested against
VR2332c at 21 and 28 dpc

Fig. 9 Quantification of residual viral loads in the lungs and evaluation
of gross and microscopic lung lesions at 28 dpc. a Residual viral loads
in the lungs of PRRSV-infected pigs at 28 dpc. Viral titres were
calculated based on the standard curve of the cycle threshold (Ct)
number plotted against the known viral titre of VR2332c. b Gross and
c microscopic lung scores were recorded after necropsy. Lung scores
were plotted as the mean values of the lesion scores from 5 pigs in
each group, and the error bars represent the SEM
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infectious clones of Type II PRRSV strains, JA142 and
VR2332 [52, 53], were re-cloned into a vector (pOpti-
VEC™-TOPO® TA Cloning Kit, Life Technologies) to
construct modified infectious clones by inserting viral
sequences between the human cytomegalovirus (CMV)
promoter and the internal ribosomal entry site (IRES)
that are present in the vector [54, 55]. The viruses res-
cued from each of the modified infectious clones were
named JA142c and VR2332c. The infectious
clone-driven viruses were used in this study to minimize
mutations caused by passaging the virus in cells.
Harvesting porcine alveolar macrophages (PAMs) and
collecting peripheral blood mononuclear cells (PBMCs)
PAMs were harvested from six 6-week-old PRRSV
-negative pigs, as described previously [56]. The pigs
were euthanized, and the lungs, trachea and bronchus
were aseptically collected. The lungs were lavaged three
times with 50 mL of phosphate-buffered saline (PBS,
pH 7.4), and the harvested wash fluid was centrifuged
for 10 min at 1000 g. The resulting pellet was washed
three times with PBS and re-suspended in 5 mL of ster-
ile PBS. To evaluate cell number and viability, the cells
were diluted 100-fold in PBS, mixed with 0.4% trypan
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blue at a 1:1 ratio and counted using a Countess™ Auto-
mated Cell Counter (Invitrogen, Carlsbad, CA, USA).
After counting, freezing medium (70% Dulbecco’s modi-
fied Eagle’s medium (DMEM) with high glucose, pyru-
vate, 20% FBS [Gibco, California, USA], and 10%
dimethyl sulfoxide [Sigma-Aldrich, St. Louis, Missouri,
USA]) was added to the cells to maintain the final cell
density at 5 × 107 cells/mL. The cells were collected in
cryovials and stored at − 80 °C until use.
PBMCs were isolated from 6-mL blood samples

collected from six-week-old PRRSV-free pigs in
lithium-heparin-containing vacutainers using a density
gradient method in Histopaque-1077® solution (Sigma, St.
Louis, MO, USA) according to the manufacturer’s instruc-
tions. The blood samples were briefly stratified in
Histopaque-1077® solution at a ratio of 1:1 (blood:Histopa-
que) and were centrifuged at 400 g for 30 min. Purified
PBMCs were collected, washed twice with sterile PBS
(pH 7.0) supplemented with 1% FBS (Gibco, Carlsbad,
CA, USA) and re-suspended in 0.5 mL of sterile PBS.

In vitro evaluation of the growth kinetics of JA142c and
VR2332c
The growth of JA142c and VR2332c was evaluated in
MARC-145 cells. Confluent monolayers of MARC-145
cells were prepared in nine 25 cm2 flasks, with three flasks
inoculated with each virus or mock inoculated at a multi-
plicity of infection (MOI) of 0.01 and incubated for 1 h in
a humidified chamber at 37 °C. After incubation, the cells
were replenished with cRPMI and incubated for an add-
itional 48 h. Supernatants were collected from each flask
at 6, 12, 24, 36 and 48 h, and the virus in these superna-
tants was titrated as described previously [57].

Animal study
A total of 15 three-week-old PRRSV-free pigs were pur-
chased from a farm which has been PRRS-negative over
last 10 years and randomly divided into 3 groups and
housed separately in the animal research facility in
Chonbuk National University. Five pigs in each group
were challenged with VR2332c or JA142c diluted in
RPMI to 103 TCID50/mL in a volume of 2 mL or with
mock inoculum (sterile PBS) injected intramuscularly
and housed for 4 weeks. All pigs were bled at 0, 3, 7, 14,
21 and 28 days post-challenge (dpc), and whole blood
was collected for PBMC isolation to evaluate cytokine
mRNA transcript levels and perform flow cytometry.
Sera were separated immediately after bleeding and
stored at − 80 °C until use. Viremia and serum cytokine
levels in all pigs were evaluated weekly, at which point all
pigs were weighed. Serum virus neutralizing antibody in-
duction was evaluated at 21 and 28 dpc. All pigs were hu-
manly euthanized at 28 dpc by electrocution after
intramuscular injection of 3 ml of Azaperone (40 mg/ml,
StressGuar®, Dong Bang Inc., Seoul, South Korea) for sed-
ation and subjected to pathological evaluation. To evalu-
ate gross and microscopic lung lesions, each lung lobe was
scored for the percentage of lung consolidation [58] and
interstitial pneumonia resulting from PRRSV infection.
Scoring of microscopic lung lesions was recorded as fol-
lows: 0 indicates no lesion; 1 indicates mild interstitial
pneumonia; 2 indicates moderate multifocal interstitial
pneumonia; 3 indicates moderate diffuse interstitial pneu-
monia; and 4 indicates severe interstitial pneumonia. Lung
tissues were collected from each pig and stored at − 80 °C
until examination.

Transcriptional activation of cellular cytokines
PAMs re-suspended in cRPMI at 5 × 106 cells/mL were
seeded in each well of a 24-well plate (BD Falcon, Franklin
Lakes, NJ, USA) and cultured overnight in a 5% CO2

humidified chamber at 37 °C. The cultured PAMs were
stimulated with a 0.1 MOI of either JA142c or VR2332c,
10 μg/mL polyinosinic-polycytidylic acid (poly I:C)
(Sigma-Aldrich, St. Louis, MO, USA) or mock inoculum
(cRPMI) and incubated in a 5% CO2 humidified chamber
at 37 °C. Six PAMs harvested from six PRRSV-free pigs
were used in the experiment. The cells were harvested,
and the cell lysates were collected at 12, 24 and 36 hpi.
Similarly, 1 × 106 naïve PBMCs re-suspended in cRPMI
were seeded in each well of a 24-well plate. The cells were
stimulated with a 0.1 MOI of either JA142c or VR2332c,
10 μg/mL poly I:C or mock inoculum (cRPMI) and incu-
bated in a 5% CO2 humidified chamber at 37 °C, after
which the cells were harvested, and the cell supernatants
were collected at 12, 36 and 72 hpi. Four PBMC cells from
4 PRRSV-free pigs were used for the experiment. Poly I:C,
a synthetic analogue of double-stranded RNA, was used
as an immune-inducing positive control for PAMs and
PBMCs. Cellular RNA was extracted using an RNA isola-
tion kit (GeneAll® Hybrid-RTM kit, GeneAll Biotechnol-
ogy, Seoul, South Korea) following the manufacturer’s
instructions. RNA was analysed on agarose gels as initial
quality checks and 260/280 and 260/230 ratios were deter-
mined to be 1.8–2.2 and 1.7 or higher, respectively. Then,
1 μg of RNA was used for complementary DNA (cDNA)
synthesis using a high-capacity cDNA reverse transcrip-
tion kit (Applied Biosystems, Foster City, CA, USA) fol-
lowing the manufacturer’s instructions. Real-time PCR
was then performed on a 7500 Fast Real-time PCR system
(Applied Biosystems) using various cytokine-specific
primers, following the manufacturer’s instructions. The
primer sequences used in this study are shown in Table 1.
Ten microlitres of 2X Power SYBR Green PCR Master
Mix (Applied Biosystems, Foster City, CA, USA), 2 μL
of cDNA and 1 μL of each forward and reverse primer
(each at 10 pm/μL) were used for PCR amplification.
All samples were tested in duplicate, and the following



Table 1 Information about the real-time PCR primers used to measure mRNA transcript levels of various cytokines

Genes Forward Primer (5′- 3′) Reverse Primer (5′- 3′) Accession/Reference

β-Actin GCGGGACATCAAGGAGAAG AGGAAGGAGGGCTGGAAGAG U07786

IFN-α TCTCATGCACCAGAGCCA CCTGGACCACAGAAGGGA [39]

IFN-β AGTGCATCCTCCAAATCGCT GCTCATGGAAAGAGCTGTGGT M86762

TNF-α TTATTCAGGAGGGCGAGGT AGCAAAAGGAGGCACAGAGG NM214022

IL-1α GTGCTCAAAACGAAGACGAACC CATATTGCCATGCTTTTCCCAGAA NM_214029.1

IL-1β AACGTGCAGTCTATGGAGT GAACACCACTTCTCTCTTCA M86725

IL-6 CCACCAGGAACGAAAGAGAG AGGCAGTAGCCATCACCAGA NM_214399

IL-8 TAGGACCAGAGCCAGGAAGA CAGGAAAACTGCCAAGAAGG M86923.1

IL-10 TGACGATGAAGATGAGGAAGAA GAACCTTGGAGCAGATTTTGA NM214041

IL-12 TCAGGGACATCATCAAACCA GAACACCAAACATCAGGGAAA NM214013

IFN-γ GACTTTGTGTTTTTCTGGCTCTTAC TTTTGTCACTCTCCTCTTTCCA NM213948

IL-2 TGCACTAACCCTTGCACTCA CCTGCTTGGGCATGTAAAAT X56750

IL-4 TTTGCTGCCCCAGAGAAC TCCTGTCAAGTCCGCTCA X68330

IL interleukin, IFN interferon
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cycling conditions were applied: (a) incubation for 10 min
at 95 °C; (b) 40 cycles of 15 s at 95 °C and 1 min at 60 °C;
and (c) a melting curve stage of 15 s at 95 °C, 1 min at
60 °C, 15 s at 95 °C and 15 s at 60 °C. The relative quan-
tities of cytokine mRNA in infected and non-infected cells
were normalized to β-actin mRNA, and the amounts were
determined using the 2-ΔΔCt method [59].

Cytokine quantification by ELISA
Commercially available porcine-specific ELISA kits were
used to quantify various cytokine protein levels in sera,
cell supernatants or lysates, including TNF-α, IL-4,
IL-10, and IL-12 (DuoSet® ELISA, R&D Systems, MN,
USA), according to the manufacturer’s instructions.
To detect IFN-α protein levels in sera and cell lysates,

100 μL (1.8 μg/mL) of a mouse anti-pig IFN-α antibody
(Clone F17, PBL Assay Science, NJ, USA) was used as a
coating antibody, and a mouse anti-pig IFN-α antibody
(Clone K9, PBL Assay Science, NJ, USA) was biotinyl-
ated and used as a secondary antibody, with recombin-
ant porcine IFN-α (PBL Assay Science, NJ, USA) as a
standard. The procedure was carried out using the pro-
vided ELISA reagents (eBioscience, CA, USA) and fol-
lowing the manufacturer’s instructions. The results were
analysed using SoftMax Pro 5.3 microplate data software
(Molecular Devices, CA, USA).

Type I IFN bioassay
A conventional type I IFN bioassay using sera from
virus-challenged pigs was performed to assess the
amount of virus-induced type I IFNs present by deter-
mining anti-vesicular stomatitis virus (VSV) activity.
MDBK cells were seeded in 96-well cell culture plates
(BD Falcon, Franklin Lakes, NJ, USA) (5 × 105 cells/well)
and incubated for 20 h in the presence of two-fold
dilutions of recombinant IFN-α (r-IFN-α) (PBL Assay
Science, NJ, USA), as described previously. The cells
were infected with propagation-competent VSV (0.01
MOI) and incubated until a cytopathic effect (CPE) was
evident in mock-treated control cells. The cells were
washed twice with PBS and stained for 1 h with 0.1%
crystal violet in 10% formalin. The plates were then
washed with tap water to remove excess crystal violet
and dried. The dye was dissolved by adding 100 mL of
70% ethanol to each well. Crystal violet absorbance at
595 nm was determined with a microplate reader. Anti-
viral activity was calculated as described previously [54].
Quantification of PRRSV RNA in sera and lungs
Viral RNA was extracted from 100 μL of serum and 1 g
of lung samples using a viral RNA extraction kit (Mag-
MAX™ Viral RNA Isolation Kit, Life Technologies) and a
total RNA extraction kit (Hybrid-RTM, GeneAll, Seoul,
Korea) according to the manufacturer’s instructions. The
viral loads in sera and lungs were measured by perform-
ing real-time RT-PCR employing a one-step reverse
transcriptase kit (AgPath-IDTM One-Step RT-PCR Kit,
Ambion, Austin, TX, USA) with a 7500 Fast Real-time
PCR system (Applied Biosystems, Foster City, CA,
USA), although this test cannot differentiate between
replication-competent and replication-incompetent
virus. Primers and a minor groove binder (MGB) fluor-
escent probe specific to a conserved region of ORF7
were employed as described previously [60].
Assessment of PRRSV-specific antibodies
A fluorescence focus neutralization (FFN)-based serum
virus neutralization (SVN) assay was performed to evalu-
ate NAb titres induced by PRRSVs after challenge. The
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SVN assay was performed in MARC-145 cells as de-
scribed previously [61, 62]. The NAb titres of each
anti-serum against each virus were expressed as the re-
ciprocal of the highest dilution for which a 90% or
greater reduction in the number of fluorescent focus
units (FFU)/mL was observed compared to the wells for
each respective virus back-titration.
The presence of PRRSV nucleocapsid-specific anti-

bodies in the sera of infected animals was determined
using a direct ELISA kit (HerdCheck® PRRS Antibody
Kit 3XR, IDEXX Laboratories, Westbrook, ME, USA)
according to the manufacturer’s instructions.

Flow cytometry
The frequency and phenotype of the immune cell popula-
tions were determined by performing multicolour immu-
nostaining of single-cell suspensions on the day of PBMC
isolation. PBMCs were evaluated for the expression of
markers of activated CD4+ T cells (CD4+CD25+FoxP3−),
regulatory T cells (CD4+CD25+FoxP3+), type I helper T
cells (CD4+IFN-γ+), and cytotoxic T cells (CD8+IFN-γ+).
The cells were stained with an appropriate monoclonal
antibody (mAb), which was either directly conjugated to a
specific fluorochrome or biotinylated, or with a purified
antibody targeting porcine-specific immune cell surface
markers as described previously [63]. Briefly, 1 × 106 puri-
fied PBMCs per sample were re-suspended in
fluorescence-activated cell sorting (FACS) buffer (2% FBS
in PBS with 0.02% sodium azide), and two replicates of
each sample were plated in two separate U-bottom
96-well plates with 1 × 106 cells per well in a 200-μL vol-
ume. Subsequently, the cells in one plate were stained
with either CD4α-PE (Clone 74–12-4; BD Biosciences,
Franklin Lakes, New Jersey, USA) or anti-porcine CD25
(clone K231.3B3; Serotech, Raleigh, NC), followed by
washing and staining with an allophycocyanin-conjugated
rat anti-mouse IgG1 antibody (Ab) (Clone RMG1–1; Bio-
legend, San Diego, CA, USA) as a secondary antibody
against anti-CD25 according to the manufacturer’s in-
structions. Afterwards, the cells were fixed and stained
with a FoxP3-FITC antibody (Clone FJK-16 s; eBios-
ciences, San Diego, CA, USA), as described. Simultan-
eously, two other sets of cells were treated with a 1X cell
stimulation cocktail (eBiosciences) plus 1X brefeldin A
(eBiosciences) in cRPMI media and incubated at 37 °C in
a 5% CO2 humidified chamber for 5 h. Afterwards, one
set of cells was stained with CD8α-FITC (Clone 76–2-11;
BD Biosciences), and the other set of cells was stained
with CD4α-PE and fixed with IC fixation buffer (eBios-
ciences) according to the manufacturer’s instructions. Fi-
nally, the cells were stained with IFN-γ-PerCP-Cy™ 5.5
(Clone P2G10; BD Biosciences). A total of 100,000 events
(gated by forward and side scatter) were acquired for each
sample using an Accuri C6 flow cytometer (BD
Biosciences, Franklin Lakes, New Jersey, USA), and the
data were analysed using BD CFlow®Plus software v.
1.0.227.4 (BD Biosciences, Franklin Lakes, New Jersey,
USA). Target cell frequencies were expressed as the per-
centage for a specific cell subset.

Data analysis
Graphs were constructed using GraphPad Prism 5.0.2
(GraphPad, San Diego, CA, USA), and statistical analyses
were performed using SPSS Advanced Statistics 17.0 soft-
ware (SPSS, Inc., Chicago, USA). The Mann-Whitney U
test was applied to estimate differences between different
groups. Repeated measurements of viremia and PRRSV
nucleocapsid-specific antibody levels in challenged pigs
were analysed using a repeated ANOVA test (Tukey’s post
hoc test) to determine the overall difference, and pairwise
comparisons were also made between groups.
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