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nterleukin-1 beta

a  b  s  t  r  a  c  t

The  cytokine  interleukin-1  beta  (IL-1�)  is  a  potent  inflammatory  mediator  in response  to  infection,
and  can  be used  as  an  immunological  adjuvant.  In this  study,  we constructed  a recombinant  porcine
reproductive  and  respiratory  syndrome  virus  (vP129/swIL1�) expressing  swine  IL-1�  from  the  sepa-
rate  subgenomic  mRNA  inserted  between  the  ORF1b  and  ORF2  genome  region.  MARC-145  cells  infected
with  vP129/swIL1� secreted  1947  pg  of  IL-1�  per  2 × 105 cells  at 36 h post-infection.  In vitro  growth
kinetics analysis  in MARC-145  cells  showed  that  the vP129/swIL1�  virus  had  a similar  replication  rate
as  that  of  parental  virus.  We  further  performed  in  vivo characterization  of  the  vP129/swIL1� virus  in
a  nursery  pig  disease  model.  The  vP129/swIL1� infected  pigs  did  not  show  visible  clinical  signs,  while
respiratory  distress  and  lethargy  were  evident  in  pigs  infected  with  the  parental  virus. The  expression
of various  cytokines  from  peripheral  blood  mononuclear  cells measured  by fluorescent  microsphere

immunoassay  showed  that IL-1�,  IL-4  and  IFN-�  expression  levels  were  up-regulated  in pigs  infected
with  vP129/swIL1�  at 7 and  14  days  post-infection.  However,  no  detectable  level  of IL-1�  was  found  in
serum  samples  from  pigs  infected  with  either  vP129/swIL1� or parental  virus.  In  summary,  this  study
demonstrated  a recombinant  PRRSV  as a useful  tool  to study  the  role  of  different  cytokines  in  disease
progression  and  immune  responses,  which  represents  a  new  strategy  for  future  therapeutic  application
and vaccine  development.
. Introduction

Cytokines are signaling molecules for intercellular communi-
ation such as the induction of immune responses by recruiting
mmune cells and regulating cell proliferation and differentiation.
uring viral infection, cytokines play a central role in the innate
nd adaptive immunity. For example, both Type I and II inter-
erons (IFNs), and various interleukins (ILs) play crucial roles in
he control of viral replication at the early stage of virus infec-
ion. The innate cytokines are also important in the induction
f adaptive immunity specific to the infecting virus by inducing

nflammation responses. The excessive inflammation due to viral
nfection-mediated cytokine production may  also lead to immuno-
athic conditions and pathogenicity of the viral infections. Because
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of the important role that cytokines play in the immune response,
cytokines have been studied for their application in therapeu-
tic treatment and in vaccine formulations (Andersson and Tracey,
2011; Heegaard et al., 2011; Leong et al., 1994). However, since
cytokines have a short half-life and require large dose adminis-
tration systemically in order to be fully functional, new methods
to deliver cytokines to the site of infection have been developed,
including the creation of chimeric molecules, delivery vehicles, and
the use of viral vectors to express cytokines (Ahlers et al., 2003;
Yilma et al., 2010).

Porcine reproductive and respiratory syndrome virus (PRRSV)
is a small-enveloped virus containing a single positive-stranded
RNA genome. PRRSV is classified in the Order Nidovirales,  family
Arteriviridae (Snijder and Meulenberg, 1998). Nucleotide sequence
comparisons show that PRRSV can be divided into distinct Euro-
pean (Type I) and North American (Type II) genotypes, possessing
only about 63% nucleotide identity at the genomic level (Allende
et al., 1999; Nelsen et al., 1999). PRRSV causes mild to severe

respiratory disease in infected newborn and growing swine, and
reproductive failure in pregnant sows (Rossow et al., 1995; Rossow,
1998). PRRSV infection stimulates a minimal level of innate
cytokine production. The inflammatory cytokines, including IL-1�,

dx.doi.org/10.1016/j.virusres.2011.11.007
http://www.sciencedirect.com/science/journal/01681702
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L-6 and IL-8, have been detected in virus-infected pigs (Aasted
t al., 2002; Suradhat et al., 2003; Suradhat and Thanawongnuwech,
003; Thanawongnuwech and Thacker, 2003; Bassaganya-Riera
t al., 2004; Thanawongnuwech et al., 2004; Lunney et al., 2010).
owever, in comparison to the other strong immunogenic swine
athogens, such as swine influenza virus and pseudorabies virus,
he quantities of secreted cytokines appeared to be much lower.
t is suggested that such poor innate anti-viral IFN and cytokine
esponses result in a weak adaptive immune response.

There are still no therapeutic drugs or completely effective
accines to control PRRSV. Currently available modified live vac-
ines have shown the most promising efficacy but have only been
artially successful in protection against a wide array of heterol-
gous PRRSV isolates in the field (Bøtner et al., 1997; Mengeling,
005). In the effort of new vaccine development, cytokines have
een evaluated as adjuvants during the immunization of animals
Zuckermann et al., 1998, 1999; Somasundaram et al., 1999; Foss
t al., 2002; Murtaugh et al., 2002; Boyaka et al., 2003; Petrovsky
nd Aguilar, 2004; Royaee et al., 2004). Interleukin-1 (IL-1) is a
otent inflammatory mediator in response to infection. IL-1� has
een tested as an immunological adjuvant because of its ability
o influence a broad spectrum of biological activities within the
mmune system. It was reported that co-administration of recom-
inant bovine IL-1� and a modified live BHV-1 vaccine was able to
nhance both the humoral and cellular immune response against
HV-1 (Reddy et al., 1990, 1993). A recombinant BHV-1 express-

ng bovine IL-1� showed that both cellular and secreted forms of
ecombinant IL-1� possessed biological activity, and the expression
f IL-1� protein did not affect the in vitro growth efficiency of the
irus (Raggo et al., 1996). In this study, we explored the strategy of
anipulating the immunogenic properties of a virus by expression

f a swine IL-1� (swIL1�) protein using a PRRSV reverse genetic
ystem. A recombinant PRRSV, designated vP129/swIL1�, was gen-
rated. This recombinant virus was further tested in a nursery pig
odel to determine whether swine IL-1� could be successfully

elivered in vivo. The effect of in vivo expression of swine IL-1� on
he pathogenic property of the virus as well as the PRRSV specific
mmune response was further examined.

. Materials and methods

.1. Cells and viruses

BHK-21 cells were used for initial transfection and recovery
f recombinant virus. MARC-145 cells were used for recombi-
ant virus rescue and subsequent experiments. These cells were
aintained in Eagle’s minimum essential medium (Invitrogen)

upplemented with 10% heat-inactivated fetal bovine serum and
ntibiotics at 37 ◦C with 5% CO2. Porcine alveolar macrophages
PAMs) were obtained by lung lavage of 6-week-old PRRSV-naıve
iglets using a method described previously (Zeman et al., 1993).
eripheral blood mononuclear cells (PBMCs) were isolated from
nfected and control pigs as described previously (Meier et al., 2003)
nd plated in a 24-well plate (4 × 106 cells/ml). PBMCs were stim-
lated with 50 �l UV-inactivated PRRSV (2 × 105 TCID50); parallel
ultures were stimulated with the mitogen phytohemagglutinin
PHA), or medium, and served as positive and negative controls,
espectively. Stimulated cultures were incubated at 37 ◦C for 24 h.
ell culture supernatants were collected from stimulated cells and
tored at −70 ◦C for cytokine analysis.

The IL-1� expressing recombinant PRRSV (vP129/swIL1�)  was

enerated from a North American Type II PRRSV full-length cDNA
nfectious clone, P129 (Calvert et al., 2002, 2003). The third passage
f the MARC-145 cell-recovered parental (vP129) or recombinant
irus was used for in vitro and in vivo experiments. Viral titers were
rch 163 (2012) 461– 468

determined by titration on MARC-145 cells and quantified as 50%
tissue culture infective dose (TCID50)/ml.

2.2. Construction of the plasmid (pCMV-S-P129-1bswIL1ˇ) for
generation of the IL1  ̌ expressing recombinant PRRSV
(vP129/swIL1ˇ)

The plasmid pCMV-S-P129-1bswIL1� was constructed using
pCMV-S-P129-1bGFP2 (Kermit) (Calvert et al., 2009) in which GFP
was inserted in the region between ORF1b and ORF2 with AflII
and MluI enzyme sites (Fig. 1A). The expression of GFP in the con-
struct was  derived from the leader/junction (L/J) sequence for ORF2,
and the ORF6 L/J was inserted downstream of the GFP gene to
drive the expression of ORF2, so that GFP is expressed from the
independent subgenomic RNA. The GFP gene was replaced with
swine IL-1� gene that was amplified from PAM by RT-PCR using
primer pairs of IL-1b-Afl-F (5′-aattcttaagatggccatagtacctgaacc) and
IL-1b-Mlu-R (5′-aattacgcgtttagggagagaggacttcc). The amplicon was
digested with AflII and MluI enzymes and cloned into the plasmid
after it was digested with the same enzyme and removed the GFP
gene.

The plasmid pCMV-S-P129-1bswIL-1� was transfected into
BHK-21 cells as described previously (Calvert et al., 2002, 2003).
To rescue the virus, cell culture supernatant obtained at 48 h post-
transfection was passaged on MARC-145 cells. Rescue of infectious
virus was determined by an indirect immunofluorescent assay (IFA)
using PRRSV-specific monoclonal antibody (mAb) SDOW17 as we
described previously (Fang et al., 2006, 2008). The expression of
swIL1� recombinant protein from the vP129/swIL1� in MARC-145
cells and PAMs was  confirmed by Western blot using the polyclonal
antibody to the protein (R&D systems).

2.3. In vitro characterization of vP129/swIL1  ̌ recombinant virus

The growth kinetics of the recombinant and parental viruses
were examined by infecting MARC-145 cells with viruses at a mul-
tiplicity of infection (MOI) of 0.5. Infected cells were collected at 0,
6, 12, 24, 36, 48, 60 and 72 h post infection (hpi), and viral titers were
determined by immunofluorescent assay (IFA) on MARC-145 cells
and quantified as fluorescent focus units (FFU)/ml. Plaque morphol-
ogy of each virus was  determined by plaque assay on MARC-145
cells as described previously (Fang et al., 2006). To determine the
expression of swine IL-1�, the culture supernatant collected at dif-
ferent time points was  analyzed using a fluorescent microsphere
immunoassay (FMIA) as we described previously (Lawson et al.,
2010).

2.4. Sequencing of deletion regions

To determine the stability of the IL-1� gene in the recom-
binant virus, cell lysate from virus-infected cells was harvested,
and RNA was extracted using a QIAamp viral RNA kit (Qia-
gen) following the manufacturer’s instruction. The correspond-
ing insertion region was amplified by RT-PCR using primers
p129-11931F (5′-gggaggattacaatgatgcgtttcg) and p129-12159R (5′-
gatggtgaagccaaacaaaatggcc). PCR products were sequenced at the
Iowa State University DNA sequencing facility (Ames, IA, USA).

2.5. Animals and infection groups

Eighteen 3-week-old, PRRSV-naıve pigs obtained from a certi-

fied PRRSV-negative herd were divided randomly into three groups
and housed separately in animal isolation facilities at South Dakota
State University (SDSU). After a four-day acclimation period, pigs
from each group (n = 6) were inoculated with 2 ml (1 × 106 TCID50,
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Fig. 1. Expression of swIL1� by vP129/swIL1� recombinant virus. (A) Construction of the plasmid, pCMV-S-P129-1bswIL1�. The GFP gene in pCMV-S-P129-1bGFP2 (Kermit)
backbone was  replaced by swine IL-1� gene. The IL-1� is expressed as an independent subgenomic RNA, which was  derived from the leader/junction (L/J) sequence of ORF2.
The  ORF6 L/J was  inserted downstream of the IL-1� gene to drive the expression of ORF2; (B) Western blot analysis of the detection of swIL1� in the supernatant fraction
(sup)  or cell lysates (cell lys) of MARC-145 cells infected with vP129/swIL1� or parental P129 virus. Cells were infected with the MOI  of 1 and incubated for 24 h before sample
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reparation for Western blot analysis, and (C) kinetics of accumulation of swine IL-1
ARC-145 cells were infected in parallel at MOI  of 0.5, and culture supernatant wa

y  Luminex fluorescent microsphere immunoassay (FMIA).

iven as 2 ml  intranasally) of parental virus (group 1), recombi-
ant virus (group 2) or mock-infected with cell culture medium
group 3).

.6. Clinical signs and serum and tissue sampling

Clinical signs and rectal temperatures were monitored every
ay during the first five days post-inoculation. Clinical signs were
ecorded and quantified using a clinical scoring system adapted
rom Martínez-Lobo et al. (2011).  The scoring system was designed
o evaluate clinical respiratory signs including sneezing, nasal
ecretions, coughing and labored breathing. In addition, systemic
linical signs including hair roughness, lethargy and anorexia were
lso recorded and scored. Severity of clinical symptoms was eval-
ated on a scale of 0–5 whereby a score of 5 was considered to
e the most severe. Blood samples were obtained from all pigs on
ays 0, 3, 7, 14, 21 and 28 dpi. Pigs were euthanized at 28 dpi to
valuate macroscopic and microscopic lung lesions. Lung lesions
f the study animals were evaluated using a previously developed
ystem (Halbur et al., 1995) based on the approximate volume that
ach lobe contributes to the entire lung: the left and right apical
obes, the left and right cardiac lobes, and the intermediate lobe
ach contribute 10% of the total lung volume, and the left and right
audal lobes each contribute 25%. These scores were then used to
alculate the total lung lesion score based on the relative percent-
ge contributions of each lobe. Blood and tissue [lungs, tonsils and
ymph nodes (submandibular lymph node, lateral retropharyngeal
ymph node, mesenteric lymph nodes)] samples were collected at
he time of euthanasia. For tissue sampling, a representative tissue
as collected from each lobe of the lung, while the entire tonsil and

ymph node were collected from each pig.

All animal experiments were approved and guided by the Insti-

utional Animal Care and Use Committee (IACUC) at South Dakota
tate University in accordance with Animal Welfare Assurance
uidelines.
lture supernatant of MARC-145 cells infected with vP129/swIL1� or parental virus.
cted at indicated time points. The swine IL-1� expression levels were determined

2.7. Real-time RT-PCR quantification of viral load in infected
animals

For the detection of viral RNA and determination of viral
load, serum and tissue samples were examined using a real-time
quantitative RT-PCR (Tetracore VetAlert PRRS), which is routinely
performed at the South Dakota Animal Disease Research and
Diagnostic Laboratory (SD-ADRDL) under strict quality assurance
guidelines. The detailed method has been described in our previous
publication (Wasilk et al., 2004).

2.8. Determination of humoral immunity

To compare the humoral antibody response of the treatment
groups, all serum samples were evaluated using an IDEXX Herd-
Chek PRRS 2XR ELISA following the manufacturer’s instruction. The
virus neutralization assay was  performed as described previously
(Yoon et al., 1994).

2.9. FMIA for cytokine expression measurement

Serum samples and culture supernatant from PBMCs were eval-
uated for expression of selected swine cytokine proteins targeting
immune markers for innate immunity: IL-1�, IL-8, IFN-�, TNF-�,
IL-12; Th1 immunity: IFN-�; Th2 immunity: IL-4; and regulatory T
cell response: IL-10. Detailed FMIA procedure for cytokine protein
detection was described in our previous publication (Lawson et al.,

2010). Relative quantification of target cytokine expression was
evaluated using mean fluorescent intensity (MFI) values, and each
group’s results were compared with the mean values for control
pigs (or control cultures).
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Fig. 2. In vitro growth characterization of vP129/swIL1� recombinant virus. (A)
Growth kinetics comparison between vP129/swIL1� and parental virus in MARC-
145  cells. MARC-145 cells were infected in parallel at MOI  of 0.1 with the passage
three of chimeric or parental virus. At 6, 12, 24, 36, 48, 60, and 72 h post-infection,
cells were harvested, and the virus titers were determined by IFA on MARC-145
cells. The results were mean values from three replications of the experiment, and
viral titers were expressed as fluorescence focus units per milliliter (FFU/ml), and
(B)  Plaque morphology of vP129/swIL1� and parental virus. Confluent cell culture
monolayers were infected with viruses at a MOI  of 0.1. After 2 h infection, cell culture
supernatant was  removed and an agar overlay was  applied. Plaques were detected
64 S.R. Lawson et al. / Virus

.10. Statistical analysis

Statistical analysis was performed using GraphPad InStat ver-
ion 3.06 (GraphPad Software). Comparison was performed by
ne-way analysis of variance with Tukey’s multiple comparison
ests to determine mean significance. Differences between groups
f pigs at different times post-inoculation were considered statis-
ically significant at P < 0.05 for all analyses.

. Results

.1. Expression of swIL1  ̌ by recombinant virus

The transfection of pCMV-S-P129-1bswIL1� plasmid DNA into
HK cells yielded the recombinant virus vP129/swIL1�. The
P129/swIL1� viruses were rescued by passage of the cell culture
upernatant onto MARC-145 cells, which was evident by IFA stain-
ng with anti-nucleocapsid protein monoclonal antibody SDOW17.
o detect the IL-1� protein expression in infected cells, Western
lot was conducted. As shown in Fig. 1B, a protein band with appar-
nt molecular weight between 17 and 20 kDa was recognized by
nti-swIL1� antibody in the cellular and supernatant fractions of
P129/swIL1� infected cells, but not in the wild-type virus infected
ells. To measure the amount of swIL1�  protein secreted from
nfected cells, cell culture supernatant collected at 6, 12, 18, 24
nd 36 hpi was analyzed (Fig. 1C). The concentration of swIL1�
as 400 pg at 18 hpi and reached the maximum concentration of

947 pg at 36 h, which corresponds to about 2 ng per 2 × 105 cells.
e further assessed the stability of swine IL-1� gene in recombi-

ant virus by serial passage of the vP129/swIL1� virus at least 10
imes on MARC-145 cells. The IL-1� insertion region was analyzed.
otal cellular RNA was isolated from cells infected with the pas-
age 3 and 10 of the recombinant virus, and RNA was used as the
emplate for RT-PCR amplification of the insertion region. The PCR
roduct was sequenced, and results showed that the IL-1� gene
emained intact as a full-length gene, and no mutation or deletion
as detected.

.2. In vitro growth characteristics of vP129/swIL1  ̌ recombinant
irus

To determine whether the insertion/expression of swIL1�  has
n effect on viral replication, we compared the in vitro growth prop-
rties of the vP129/swIL1� with that of parental viruses. MARC-145
ells were infected with each of the viruses and harvested at 6, 12,
4, 36, 48, 60, and 72 hpi. Growth kinetics analysis showed that the
P129/swIL1� virus possessed a similar growth rate to that of the
arental virus (Fig. 2A). Titers peaked at 48 hpi for both viruses.
he peak titer of the vP129/swIL1� virus was 3.7 × 105 FFU/ml,
ompared to 3.0 × 105 FFU/ml for the parental virus. Plaque mor-
hology of these viruses was also determined, and the plaque size
roduced by the vP129/swIL1� virus was similar to the parental
irus (Fig. 2B). These results indicate that the insertion of swine
L-1� into the viral genome does not affect the viral replication in
itro.

.3. In vivo growth and pathogenic property of vP129/swIL1ˇ
irus

A total of 18 three-week-old pigs, divided into three groups,
ere infected with vP129/swIL1� virus, parental virus or cell

ulture medium (mock infected). The clinical signs and body

emperature were monitored during the first five days post-
noculation. As shown in Table 1, all pigs inoculated by parental
irus developed clinical signs, showing respiratory distress (cough-
ng, serious nasal discharge) and lethargy, and four pigs had rectal
after five days incubation at 37 ◦C and stained by 0.1% crystal violet.

temperatures over 40 ◦C during the second and third day post-
inoculation. In contrast, no apparent clinical signs were observed
in those pigs inoculated by vP129/swIL1� virus, and rectal temper-
ature was  normal for this group of pigs through the time course
of the study. All pigs given virus became infected, which was evi-
dent by in vitro virus isolation and positive real-time PCR results
for the presence of viral RNA in serum. Viral load in serum peaked
at 7 dpi (Fig. 3A) for both vP129/swIL1� and parental virus infected
groups. Statistically, there was no significant difference in viral load
between these two groups, although a slightly lower level of viral
load in serum samples from those pigs infected with wild type
virus was  observed at 14, 21 and 28 dpi. Interestingly, in compar-
ison to the group of pigs infected with wild type virus, a higher
level of viral load was  observed in the lymph nodes, tonsil and
lung tissues from those pigs infected with vP129/swIL1� at 28 dpi
(Fig. 3B). At necropsy (28 dpi), minimal lung lesions (Table 1) were
observed in vP129 and vP129/swIL1� infected groups. Enlarged
mandibular lymph nodes were observed in three of the pigs from
the vP129/swIL1� infected group, and in two of the pigs from the
vP129 infected group.

To determine the in vivo stability of the swIL1� gene in virus,
serum samples were used for virus isolation in MARC-145 cells.
Virus was  recovered from serum samples collected on days 7,
14 and 21 dpi. For each dpi, we  sequenced viruses isolated from
six pigs, and sequencing was  performed using both forward and
reverse primers, resulting in a total of 12 sequences for each day
analyzed. The results confirmed that the swIL1�  gene remained
intact as a full-length gene. However, sequencing results revealed
that an A299G nucleotide mutation was  consistently identified
in two  of the pigs, which resulted in the amino acid (aa) muta-
tion of Glu to Gly at position 100 of IL-1� protein. Another T553C

nucleotide (Cys to Arg) mutation was  also found in the virus isolated
from a pig at 7 dpi. These results suggest that selection occurred to
generate mutations during the viral replication in vivo.
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Table 1
Evaluation of clinical symptoms and lung lesions for each experimental group.

Clinical symptoma and lung lesionb Group scores (mean ± SEM)

IL-1� Parental Mock

Rectal temp during 5 days post inoculation 39.6 (±0.1) 40.6 (±0.5) 39.7 (±0.3)
Clinical respiratory signs

Sneezing 0 1.0 (±0.0) 0
Nasal secretions 0.3 (±0.1) 2.0 (±0.0) 0
Coughing 0 2.0 (±0.3) 0
Labored breathing 0 0 0

Systemic clinical signs
Roughness of hair 0 0 0
Lethargy 0 3.0 (±0.0) 0
Anorexia 0 0 0
Gross lung lesion score 2.0 (±0.5) 2.2 (±0.5) 0

a Clinical signs were recorded and quantified using a clinical scoring system adapted from Martínez-Lobo et al. (2011).  Severity of clinical symptoms was evaluated on a
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cale  of 0–5 whereby a score of 5 was considered to be the most severe.
b Gross lung pathology was assessed by using a gross pig lung lesion scoring syste

nd  the percent pneumonia of each lobe was added for the entire lung.

.4. In vivo swIL1  ̌ protein expression and immune response in
igs

We further investigated whether in vivo expression of swIL1�
rotein could modulate the viral specific host immune response.

n an earlier study, swIL1� was detected in sera or peripheral
lood mononuclear cells (PBMCs) (by the fluorescent microsphere

mmunoassay, FMIA) from PRRSV-infected pigs (Lawson et al.,
010). To compare with these earlier findings, samples were col-

ected from control and virus-infected pigs at 3, 7 and 14 dpi. PBMCs
ere stimulated in vitro with parental virus, PHA, or medium for

4 h. The FMIA results showed that higher levels of swIL1� pro-
ein were expressed in PBMCs from pigs infected by PRRSV, either
P129/swIL1� or parental vP129 compared to control pigs at 3, 7
nd 14 dpi (Fig. 4). The comparison between vP129/swIL1� and
arental vP129 showed that a higher level of swIL1� protein was

xpressed in pigs infected by vP129/swIL1� at 14 dpi (Fig. 4). No
ignificant difference in swIL1�  protein expression was  detected
rom both groups of pigs infected by vP129/swIL1� and parental

ig. 3. Viral load in pigs infected with vP129/swIL1� or parental virus. Viral load was
uantified by real-time RT-PCR, and the result was  interpreted as RNA copy numbers
er ml.  (A) Viral load in serum samples, and (B) Viral load in tissue samples. Different

etters (“a” and “b”) represent mean viral load of different groups differs significantly
P  < 0.05).
lbur et al., 1995) where each lobe of the lung was evaluated for percent pneumonia

virus at 3 and 7 dpi by the FMIA. Interestingly, no detectable level
of swIL1� was  observed in serum samples from all groups of pigs
at 3, 7 and 14 dpi (data not shown). We  further monitored the
temporal expression of selected innate and cellular immune pro-
teins in PBMCs from virus-infected pigs using FMIA. As shown
in Fig. 4, besides IL-1�, IFN-� expression levels were also signifi-
cantly higher in pigs infected with vP129/swIL1� compared to pigs
with vP129 at 14 dpi. A significantly higher level of IL-4 and TNF-
� was  also observed in vP129/swIL1� infected pigs compared to
pigs with vP129 at 14 dpi. IL-8 and IL-12 expression were higher
at an early time point (3 dpi) but lower at 7 dpi in vP129/swIL1�
infected pigs compared to pigs infected with vP129. The expres-
sion of IL-10 was  lower at an early time point (3 dpi) but was higher
at 7 dpi in vP129/swIL1� infected pigs compared to pigs infected
with vP129. The comparison between virus infected groups (either
vP129/swIL1� or parental vP129) and the control group showed
that the expression of IL-12 or IL-10 in PBMCs was either up- or
down-regulated by virus infection at 3 and 14 dpi.

Further analysis of host humoral immune response showed
that both vP129/swIL1� and parental virus infected groups had
seroconverted by 14 dpi (Fig. 5A). Interestingly, a higher level of
neutralizing antibody response was observed in the group of pigs
infected with vP129/swIL1� at 28 dpi (Fig. 5B). Three of the six pigs
(50%) in the vP129/swIL1� virus infected group had detectable neu-
tralizing antibody titers by 28 dpi, while two  of the six pigs (33%) in
the parental virus infected group developed neutralizing antibod-
ies by 28 dpi. Taken together, these results suggested that in vivo
expression of swIL1� significantly modulated the PRRSV specific
immune response.

4. Discussion

PRRSV infection appears to elicit poor innate IFN and cytokine
responses unlike the other strongly immunogenic viral pathogens.
Its effects result in a weak adaptive immune response as demon-
strated by prolonged viremia, short duration of cell-mediated
immune responses and slow development of virus-specific IFN-�
secreting cells. Anti-PRRSV neutralizing antibodies are generated
slowly and their titers remain low. There is an extensive body of
literature describing the innate interferon and cytokine effect on
PRRSV replication and cytokine-mediated events that occur during
PRRSV infection. In an earlier study, inoculation of pigs with porcine
respiratory coronavirus, a potent inducer of innate cytokines, pro-

vided protection from a subsequent PRRSV infection (Buddaert
et al., 1998). Overend et al. (2007) showed that recombinant swine
IFN-� protects swine alveolar macrophages from infection with
PRRSV. Royaee et al. (2004) showed that using an expression
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Fig. 4. Comparison of cytokine expression levels in activated PBMCs from pigs infected by vP129/swIL1� with that of parental virus. PBMCs were harvested at 3, 7 and 14 dpi
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mmune response, leading to the delayed induction of protective
ellular and humoral immunity, provides a window of time that
llows PRRSV to replicate, shed and transmit to other contact naïve
nimals. Therefore, current strategies for vaccine development are
irected at constructing a PRRS vaccine capable of inducing a high

evel of innate and cellular immune responses and robust neutraliz-
ng antibody activity within a short period of time after vaccination.

The use of cytokines as adjuvants for enhancing the viral spe-
ific immune response has been investigated in both subunit and
odified live vaccines (Heath and Playfair, 1992; Gao et al., 1995;
odson et al., 1995; Ahlers et al., 2003; Yilma et al., 2010; Heegaard
t al., 2011). In particular, IL-1� has been tested as a potent immune
odulator in vaccine development. The recombinant bovine IL-1�

as been tested as an adjuvant to co-administrate with a modified
ive BHV-1 vaccine, and an in vivo study showed enhanced humoral
nd cellular immune response. Although the study demonstrated
he effect of IL-1� on the enhancement of host immunity, the sys-
emic administration of IL-1� to develop an adjuvant effect requires

 large dose of recombinant IL-1� and multiple injections at a local
ite. This could result in severe side effects and is not cost-effective
n veterinary medicine. The use of recombinant virus as a vector
o express the cytokines, such as IL-1�, has the potential to over-
ome these drawbacks. The viral vector system allows delivery of
he cytokine to the specific site of infection. It reduces the dose
equirement and thereby decreases the cost and side effects. A
umber of cytokines have been tested by inserting into recombi-
ant viruses (Bembridge et al., 1998; Karaca et al., 1998; Giavedoni
t al., 1997; Leong et al., 1994; Flexner et al., 1990). For exam-
le, expression of IFN-� by recombinant respiratory syncytial virus
ttenuated the virus in vivo and protected animals from subsequent
hallenge with wild type virus (Bukreyev et al., 1999). In vaccinia
irus, expression of IL-2 attenuated the virus while maintained the
mmunogenicity in vivo (Flexner et al., 1990). In our study, a recom-
inant PRRSV (vP129/swIL1�)  was constructed, which expresses
he IL-1� gene as a separate mRNA from an additional transcrip-
ional product placed between ORF1b and ORF2 genome region.
he recombinant virus produced high levels of IL-1� protein in cell
ulture. In vitro growth kinetics analysis indicated that the produc-
ion of swIL1� was not toxic to the cells and did not affect viral
eplication. In comparison to the parental virus, the vP129/swIL1�
irus grew to a viral titer similar to that of the parental virus in
ARC-145 cells. This property is important for recombinant vac-

ine development. Genetic manipulation/attenuation of the live
irus are typically accompanied by reduced viral titer. However,
o achieve a satisfactory level of immunogenicity, the virus titer

ust be adequately maintained. The ability to produce high titers
f vP129/swIL1� virus in vitro makes it easy to produce sufficient
uantities for large-scale vaccine production. In addition, the large
mount of recombinant IL-1� protein produced by the recombinant
irus could be an alternative method for the in vitro production of
ecombinant cytokines.

We  further demonstrated that the recombinant PRRSV could be
sed as an in vivo cytokine delivery system to study the mecha-
ism of different cytokine effects on disease progression. First, the
xpression of IL-1� by vP129/swIL1� did not show a difference in
iral load in the sera compared to those by the parental virus in ani-
als. Also, our data showed that the IL-1� gene is maintained in the

irus isolated from serum samples of the vP129/swIL1� infected
igs. Most importantly, the in vivo co-expression of swIL1� atten-
ated the pathogenic property of the virus. The parental virus P129

s known to be a highly pathogenic virus (Calvert et al., 2002, 2003).
esults from our study demonstrated that parental P129 virus
nfected pigs showed significant symptoms of lethargy and respi-
atory distress. In contrast, the swIL1�  expressing vP129/swIL1�
irus infected pigs did not show apparent clinical symptoms. It is
ot clear why the expression of IL-1� by vP129/swIL1� resulted
rch 163 (2012) 461– 468 467

in attenuated symptoms in the animals. Initially, we hypothesized
that vP129/swIL1� might be more virulent than the parental virus
because of the expression of the proinflammatory cytokine IL-1�.
It is possible that the attenuation may  be related to the site (alve-
olar region) of virus replication and the expression of the cytokine
where the anti-inflammatory mechanism is strong (Spight et al.,
2005). Another interesting phenomenon related to this is that
although the viral load in blood was  similar, a higher level of viral
load in tissues (tonsil, lymph nodes, and lung) was observed in pigs
infected with vP129/swIL1� at 28 dpi. In this case, the viral load
at the local tissues did not correlate with the disease progression,
since the vP129/swIL1� infected pigs did not develop apparent clin-
ical symptoms and no significant lung lesion was observed. It is
possible that the continued expression of IL-1� in virus infected
cells may  promote virus replication by recruiting monocytes to dif-
ferentiate into macrophages in the local tissues. Currently, we are
investigating the potential mechanism of the attenuation by IL-1�
in virus-infected animals.

Although no detectable level of swIL1� was observed in sera
from animals infected with vP129/swIL1� or parental vP129, there
were significantly higher levels of IL-1� detected in vP129/swIL1�
infected pigs in PBMCs (Fig. 4). Further analysis of a time course pat-
tern of cytokine proteins expression using a FMIA suggested that
the co-expression of IL-1� could lead to a strong T cell response.
In comparison to the parental virus, infection with vP129/swIL1�
resulted in a significant increase of both Th1 marker (IFN-�) and
Th2 marker (IL-4) in PBMCs at 14 dpi. The result of the humoral
immune response showed that both vP129/swIL1� and parental
virus infected groups had seroconverted by 14 dpi at the same levels
(Fig. 5A). However, a higher level of neutralizing antibody response
was observed in the group of pigs infected with vP129/swIL1� com-
pared to that with parental virus at 28 dpi (Fig. 5B), which may be
due to the strong T cell response by vP129/swIL1�.

In summary, our study demonstrated that the recombinant
PRRSV with the reverse genetics system can be used as a poten-
tial in vivo cytokine delivery system to study the role of different
cytokines in disease progression and immune responses. This study
represents a new approach for future in vivo application of thera-
peutic cytokines and development of genetic engineered vaccines
for controlling PRRS.
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