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Abstract

Type linterferons (IFN-a and -8) play an important role in the innate host defense against viral infection by inducing antiviral
responses. In addition to direct antiviral activities, type I IFN serves as an important link between the innate and adaptive immune
response through multiple mechanisms. Therefore, the outcome of a viral infection can be affected by IFN induction and the IFN
sensitivity of a virus. North American porcine reproductive and respiratory syndrome virus (PRRSV) field isolates were studied
with regard to IFN-a sensitivity and induction in order to understand the role of type I IFN in PRRSV pathogenesis. PRRSVisolates
were differentially sensitive to porcine recombinant IFN-o (rIFN-ov) and varied in their ability to induce IFN-a in porcine alveolar
macrophages (PAM) cultures as measured by a porcine IFN-a specific ELISA on cell culture supernatants. Fifty-two plaques were
purified from three PRRSV isolates (numbers 3, 7, and 12) and tested for IFN sensitivity and IFN induction. Plaque-derived
populations were composed of heterogeneous populations in terms of IFN-inducing capacity and sensitivity to rIFN-o.. When
macrophages infected with isolates 3, 7, or 12 were treated with polycytidylic acid (polyI:C), IFN-a production was enhanced. Cells
infected with isolate 3 and treated with polyl:C showed the most consistent and strongest enhancement of IFN-a production. It was
demonstrated that the relatively low concentrations of IFN-a produced by isolate 3 contributed to the enhanced IFN-a synthesis in
response to polyl:C. Isolates 7 and 12 significantly suppressed the enhanced IFN-a production by isolate 3 in polyl:C treated cells.
To determine if suppression was at the level of IFN-a transcription, quantitative RT-PCR was performed for IFN-o« mRNA and
compared to GAPDH and cyclophilin mRNA quantification. However, the relative number of IFN-a transcript copies did not
correlate with IFN-a protein levels, suggesting a post-transcriptional mechanism of suppression. In summary, these results
demonstrate that PRRSV field isolates differ both in IFN-a sensitivity and induction. Furthermore, a PRRSV field isolate strongly
enhance polyl:C-induced IFN-a production in PAM cultures and this priming effect was suppressed by other PRRSV isolates.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Porcine reproductive and respiratory syndrome
(PRRS) is one of the most economically important
diseases of swine. This disease was first detected in the
U.S. in 1987 (Keffaber, 1989) and in Europe in 1990
(Wensvoort et al., 1991). The etiologic agent for this
disease, PRRS virus (PRRSV) is an enveloped,
positive-stranded RNA virus that is a member of the
Arteriviridae family, order Nidovirales. The full-
length genomic sequence has been determined for
PRRSV isolates of both European and North Amer-
ican lineage (Allende et al., 1999; Meulenberg et al.,
1993; Nelsen et al., 1999; Shen et al., 2000; Wootton
et al., 2000). Molecular analysis of the prototype
PRRSV VR-2332 and Lelystad strains (U.S. and
European isolates, respectively) has suggested that
divergently evolved strains emerged on two continents
almost simultaneously, perhaps due to similar changes
in swine management practices (Murtaugh et al.,
1995; Nelsen et al., 1999). Analysis of partial genomic
sequence data for hundreds of PRRSV strains reveals
extensive diversity but also well-conserved regions
(Andreyev et al., 1997; Meng et al., 1995; reviewed by
Meng, 2000).

Disease caused by PRRSV is characterized by
severe and sometimes fatal respiratory disease and
reproductive failure. Infection with PRRSV also
predisposes pigs to infection by bacterial pathogens
as well as other viral pathogens (Benfield et al., 1992)
and PRRSV is a key etiologic agent of the economic-
ally important porcine respiratory disease complex
(PRDC). The most consistent pathological lesions
caused by PRRSV during acute infection are inter-
stitial pneumonia and mild lymphocytic encephalitis
(Halbur et al., 1995; Plagemann, 1996; Rossow et al.,
1995, 1996). Tissue macrophages and monocytes are
the major target cells during both acute and persistent
infection (Molitor et al., 1997), although pneumocytes
and epithelial germ cells of the testes have also been
shown to be infected (Sur et al., 1996, 1997). It is
important to note that clinical disease caused by
PRRSV is highly variable, ranging from mild,
subclinical infections to acute deaths of adult animals
(Zimmerman et al., 1997). The differences in
virulence have been attributed to numerous factors
including host genetics, management practices, and
virus strain heterogeneity (Halbur et al., 1995, 1996,

1998; Keffaber, 1989; Wensvoort, 1993). After the
acute phase of PRRSV infection, which is typically
characterized by viremia and clinical disease, many
pigs fully recover yet carry a low-level viral infection
for an extended period of time. Under experimental
conditions, persistent infection with PRRSV has been
well documented (Albina et al., 1994; Allende et al.,
2000; Christopher-Hennings et al., 1995; Horter et al.,
2002; Sur et al., 1996; Yoon et al., 1993; Wills et al.,
2003). These “‘carrier” pigs are persistently infected
with PRRSV and shed the virus, either intermittently
or continuously, and may infect naive pigs following
direct or indirect contact. Most notably, infectious
virus has been recovered for up to 157 days post-
infection (Wills et al., 1997).

Producers often vaccinate swine against PRRSV
with modified-live attenuated strains or killed virus
vaccines. However, current vaccines do not provide
satisfactory protection, possibly due both to strain
variation and inadequate stimulation of the immune
system. A protective immune response is possible since
it has been demonstrated that previous exposure can
provide protection when pigs are challenged with a
homologous strain of PRRSV (Lager et al., 1999).
However, protective immunity has never been con-
sistently demonstrated for challenge with heterologous
strains (Lager et al., 1999; Mengeling et al., 2003).

The ability of PRRSV to routinely establish a
persistent infection in pigs coupled with experimental
evidence of suboptimal humoral and cellular immu-
nity to PRRSV suggests that the adaptive immune
response to PRRSV is often ineffective (reviewed by
Murtaugh et al., 2002). The innate immune response,
of which type I IFN is a major component, plays a key
role in establishment of an effective adaptive immune
response. The type I IFN response serves as an
important link between the innate and adaptive
immune response through multiple mechanisms
(reviewed by Biron, 1998). Type I IFN: (i) promotes
the development of CD8" T cell response (reviewed by
Boehm et al., 1997), (ii) regulates the expression of
many proteins responsible for generating antigenic
peptides to be displayed in association with MHC
class I (reviewed by York and Rock, 1996), (iii)
enhances differentiation of dendritic antigen-present-
ing cells (Luft et al., 1998), (iv) stimulates the division
of memory T cells by inducing IL-15 (Tough et al.,
1999), (v) contributes to prolonging the lifespan of
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activated T cells (Marrack et al., 1999), and (vi)
enhances IgG production and down-regulates IgE
secretion in B cells (Finkelman et al., 1990, 1991).

In addition to a role in the establishment of an
adaptive immune response, type I IFN also plays an
important role in innate host defenses against viral
infection. Type I IFN has been shown to activate or
induce the synthesis of several proteins including 2,5-
oligoadenylate synthase (OAS), double-stranded
RNA-dependent protein kinase (PKR), Mx and
ribonuclease L. (RNase L) (Vilcek and Sen, 1996),
all of which result in induction of an antiviral state
(reviewed by Samuel, 2001). Not surprisingly, many
viruses have evolved specific mechanisms to counter-
act the IFN response. For example, the hepatitis B
virus ORF-C product and terminal protein (Whitten et
al., 1991), the human papillomavirus (HPV)16 E6 and
E7 proteins (Park et al., 2000; Ronco et al., 1998), and
the influenza A virus NS1 protein (Talon et al., 2000)
are viral proteins that have been shown to inhibit IFN
synthesis. Some viral proteins, such as the adenoviral
ElA (Zhang et al., 1996), Sendai virus C proteins
(Komatsu et al., 2000) and Simian Virus 5 protein V
(Didcock et al., 1999), block IFN signaling via the Jak-
STAT pathways. Additionally, Herpes virus, SV40 and
EMCYV are known to block IFN-induction of the 2,5-
OAS/RNase L system (Vilcek and Sen, 1996).

Better understanding of the type I IFN response
following PRRSV infection will provide an important
basis for understanding the adaptive immune response
to this pathogen. Previous work (Albina et al., 1998a;
Buddaert et al., 1998; van Reeth et al., 1999) has
demonstrated that European PRRSV strains do not
induce a strong IFN-a response, yet they are sensitive to
the effects of IFN and can suppress a viral-induced IFN
response. In this study, North American field isolates of
PRRSV were evaluated with respect to induction,
sensitivity and suppression of an in vitro type I IFN
response. Differences in IFN phenotype were observed
among North American PRRSV field isolates.

2. Materials and methods
2.1. Cell cultures

The PAM cultures were obtained by bronchoal-
veolar lavage of 2-3 week-old domestic piglets from a

PRRSV seronegative herd. The lungs were removed
from the piglets immediately after death and RPMI-
1640 medium (Life Technologies, Grand Island, NY)
was introduced through the main stem bronchi.
Bronchoalveolar lavage fluid was centrifuged at
400 x g for 7min. When cell pellets contained
obvious contamination with red blood cells (RBC),
PAM cultures were purified by Histopaque-1077
(Sigma Inc., St. Louis, MO) according to manufac-
turer’s directions to remove red blood cell contamina-
tion. After centrifugation, cell pellets were
resuspended in RPMI-1640 medium supplemented
with 10% fetal bovine serum (FBS), 2mM L-
glutamine, 0.25 pg/ml fungizone, 100 U/ml penicil-
lin, 10 pg/ml streptomycin sulfate and 5 pg/ml
gentamicin (BioWhittaker, Walkersville, MD) and
plated at a density of 2—4 x 10° cells/well in a 24-well
Primaria plate (Becton Dickinson and Company,
Franklin Lakes, NJ). The PAM cultures were
confirmed to be PRRSV-negative by RT-PCR before
use in subsequent experiments. PAM cultures were
incubated for 24 h at 37 °C in a humidified 5% CO,
incubator and washed once with complete RPMI-1640
media before use.

The MARC-145 cell line is a clone of the African
green monkey kidney cell line MA-104 which is
highly permissive to PRRSV infection (Kim et al.,
1993). Cells were cultured and maintained in
Dulbecco’s Modified Eagle medium (DMEM) sup-
plemented with 10% FBS, 0.25 pg/ml fungizone,
100 U/ml penicillin, 10 pg/ml streptomycin sulfate
and 5 pg/ml gentamicin (BioWhittaker Inc., Walk-
ersville, MD) and then held at 37 °C in a humidified
5% CO, incubator. Swine testicular (ST) cells were
used to grow and titrate TGEV. ST cells were grown in
DMEM supplemented with 5% heat-inactivated FBS,
2 mM L-glutamine, 0.25 pg/ml fungizone, 100 U/ml
penicillin and 10 wg/ml streptomycin sulfate (Bio-
Whittaker Inc., Walkersville, MD). All cells were
maintained at 37 °C in a humidified 5% CO,
incubator.

2.2. Viruses

Fifteen PRRSV field isolates, numbered from 1 to
15, were obtained from clinical cases submitted to the
University of Missouri’s Veterinary Medicine Diag-
nostic Laboratory. Genomic sequences of open read-
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ing frames 2—7 of PRRSV isolates 3, 7, and 12 were
submitted to GenBank and assigned accession
numbers AY569972 (PRRSV 1530B), AY569974
(PRRSV 8981), and AY569973 (PRRSV 25544),
respectively. Virus stocks of PRRSV isolates were
prepared in PAM cultures. A low multiplicity of
infection (MOI < 0.05) was used to prepare viral
stocks, and the third to fifth passages were used for all
experiments. Transmissible gastroenteritis virus
(TGEV) (Purdue strain) was obtained from the
University of Missouri’s Veterinary Medicine Diag-
nostic Laboratory Serology Section.

To purify plaques from PRRSV isolates, confluent
MARC-145 cells (Kim et al., 1993) in 6-well plates
were infected with PRRSV at a very low MOI
(<0.0001). After 2 h, cells were rinsed and overlayed
with cell culture medium containing 0.5% agarose and
incubated for 3-5 days until plaques were visible.
Plaques were harvested by aspiration into a micro-
pipette and diluted into a final volume of 0.2 ml of
culture medium and used for experiments without
further propagation. A total of 52 plaques were
harvested, 16 from isolate 3, 16 from isolate 7 and 20
from isolate 12. The titers of original stocks of PRRSV
plaques were analyzed by quantitative real-time RT-
PCR using purified RNA from a titered virus stock
to establish the standard curve. Titers from isolate
3, 7, and 12 plaques were 4.41 £ 0.099 TCIDsy/ml
(mean + S EM.), 4.81 £ 0.068 TCIDs¢/ml, and
4.77 £ 0.077 TCIDsy/ml, respectively. The MOI used
in experiments with plaque-purified stocks was
approximately 0.01 for plaques from isolates 7 and
12, and 0.005 for isolate 3.

2.3. IFN sensitivity assay

PAM cultures in 24-well plates were pre-incubated
with 1 or 100 U/ml rIFN-a (R&D Systems Inc.,
Minneapolis, MN) in cell culture media for 18 h
before virus infection. Cells were washed with cell
culture media and infected with 15 PRRSV field
isolates at MOI = 0.01. After 48 h post-infection (p.i.),
supernatants were harvested, frozen and thawed one
time. Infectious virus titers in cell culture supernatants
were determined by serial dilution in 96-well plates
and calculated by the method of Reed and Muench
(1938). For IFN-a sensitivity experiments of PRRSV
isolates 7 and 12, rIFN-a (1, 10 or 100 U/ml) was

added 18 h prior to PRRSV infection (MOI = 1) and
virus growth curve experiments were performed. Cell
culture supernatants were harvested at 6, 12, 24, 36,
48 h p.i. Infectious virus titers in cell culture super-
natants were determined by serial 10-fold dilutions of
viral stocks with 50% tissue culture infectious dose
(TCIDs) titers calculated by the method of Reed and
Muench (1938).

2.4. Enzyme-linked immunosorbent assay (ELISA)

IFN-a was measured with a porcine IFN-a specific
ELISA by using F17 monoclonal antibody (MAb) and
K9 MADb (R&D Systems Inc., Minneapolis, MN) as
previously described (Diaz de Arce et al., 1992). MAb
K9 was conjugated with horseradish peroxidase
(HRP) using a peroxidase labeling kit (Roche
Molecular Biochemical, Indianapolis, IN). Flat-bot-
tomed 96-well plates (Fisher Scientific, Houston, TX)
were coated overnight at 4 °C with F17 at a
concentration of 3 pg/plate in coating buffer
(50 mM carbonate buffer, pH 9.5, Sigma Inc., St.
Louis, MO). After blocking with 1% non-fat dried
milk, 0.05% Tween 20 in phosphate buffered saline
(PBS) for 1 h at 37 °C, the plates were washed five
times with 0.05% Tween 20 in PBS. Samples (50 1)
were added into each well containing 50 pl of 1%
non-fat dried milk, 0.05% Tween 20 in PBS and
incubated for 2 h at 37 °C. Following five washes,
100 .l of peroxidase conjugated K9 was added to each
well. After 1 h incubation and five washes, 100 1 of
substrate solution, tetramethylbenzidine (Sigma Inc.,
St. Louis, MO), was added to each well. After 30 min,
the reaction was stopped with 1N HCI and the optical
density was measured at 450 nm by an ELISA plate
reader. Quantified recombinant porcine IFN-a (rIFN-
o, R&D Systems Inc., Minneapolis, MN) was used as
a standard, and IFN-« concentrations were calculated
based upon a standard curve. One unit/ml of rIFN-« is
equivalent to 26 pg/ml.

2.5. Polyl:C experiments

PAM cultures were infected with PRRSV isolate 3,
7 or 12 at a MOI =1 for 2 h. After 12 h p.i. the cell
culture media was replaced with media containing
polyl:C (Sigma Inc., St. Louis, MO) at 20 pg/ml. At
18 h after the initial PRRSV infection, supernatants
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were collected and the IFN-a concentration was
measured by ELISA. For suppression experiments,
isolate 3 was inoculated at 2 h p.i. into PAM cultures
that were previously infected with either isolate 3, 7 or
12. After 10 h cell culture media was replaced with
medium containing polyl:C at 20 pwg/ml. Supernatants
and cells were harvested at 18 h p.i and stored at
—80 °C for subsequent analysis.

PRRSYV isolates were UV-inactivated by exposing
microcentrifuge tubes containing virus stocks to UV
light (wavelength 312 nm) for 20 min. Stocks of UV-
inactivated virus were demonstrated to be completely
non-infectious for PAM cultures. PAM cultures were
inoculated with either PRRSV or UV-inactivated
PRRSV at MOI =1, incubated for 2 h then washed
with cell culture media.

Polyclonal antibody against porcine IFN-a (50
neutralizing units/ml, R&D Systems Inc., Minneapo-
lis, MN) was added to cell culture media at the time of
infection (2 h) and again after infection (10 h). At 12 h
p.i. cell culture medium was replaced with media
containing polyl:C (20 wg/ml). After an additional 6 h
incubation, cell culture media was collected and
analyzed for IFN-a production by using porcine
specific ELISA.

2.6. Cell viability assays

At 12 h p.i. with isolate 3, 7 or 12 (MOI = 1), PAM
cells were harvested and resuspended in PBS at a
concentration of 10° cells/ml and assessed for cell
viability. Propidium iodide (Sigma Inc., St. Louis,
MO), which will positively stain dead cells with a
disturbed cellular membrane, was added into 0.5 ml of
cell suspension at 50 pg/ml and incubated at room
temperature. After 30 min, cell viability was analyzed
by flow cytometry. A second aliquot of infected cells
with isolate 3, 7 or 12 was stained with 0.4% trypan
blue (Bio-Whittaker, Walkersville, MD), and then
quantified microscopically with a hemocytometer to
determine the total number of cells and the number of
dead cells, i.e., those retaining trypan blue. The
CellTiter 96™ AQyeous One Solution Cell Proliferation
Assay (Promega Corp., Madison, WI) was performed
as described by the manufacturer. Briefly, 20 wl of the
CellTiter 96 solution reagent was added into each well
of 96-well plate and the plate was incubated for 3 h at
37 °C in a humidified, 5% CO, incubator. Absorbance

was measured at 490 nm. The OD measured at 490 nm
represents the amount of tetrazolium dye (MTS)-to-
formazan conversion, which represents the number of
viable cells.

2.7. RNA extraction

Extraction of RNA from samples of IFN suppres-
sion experiments was performed using Trizol (Invi-
trogen, Carlsbad, CA) and the Nucleospin RNA II kit
(BD Biosciences Inc., Palo Alto, CA) with DNAse I
digestion performed directly on the spin column
according to the manufacturer’s instructions. Extrac-
tions of the purified competitor RNA were performed
using the Qiagen RNAEasy kit (Qiagen Inc., Valencia,
CA).

2.8. RNA quantification standards

Heterologous competitor RNA for quantification of
swine IFN-a, cyclophilin or GADPH was synthesized
using the respective real-time RT-PCR primer
sequences in a methodology previous described
(Kleiboeker, 2003). The concentration of purified
competitor RNA was estimated by measuring the
absorbance at 260 nm and the purity was assessed by
determining the ratio of absorbance at 260 nm to the
absorbance at 280 nm. Samples were considered to be
relatively pure and suitable for use as quantification
standards if the ratio was >2.0. Following purification
the RNA was serially diluted in RNase-free dH,O and
stored as aliquots at —80 °C. The number of molecules
of competitor RNA/pl was estimated based on the
RNA concentration and the molecular weight of the
transcript.

2.9. Quantitative (TagMan) RT-PCR

Amplification of 2 nl RNA was performed using
the Qiagen QuantiTect Probe RT-PCR kit (Qiagen
Inc., Valencia, CA) with thermocycling and detection
performed in a Stratagene Mx4000 (Stratagene Inc.,
La Jolla, CA). Samples were analyzed in triplicate.
Thermocycling conditions were: 50 °C (30 min),
95 °C (15 min), followed by 40 cycles of denaturation
(94 °C, 15 s) and annealing/extension (60 °C, 60 s).
GenBank accession numbers of sequences used for
porcine IFN-a, porcine cyclophilin, and porcine
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GAPDH real-time RT-PCR assays were NM214393,
AY008846, and AF141959, respectively. Primers
used for 5-exonuclease (TagMan) amplification of
swine IFN-a were (forward, position 195-212) 5'-
TCTCATGCACCAGAGCCA-3', (reverse, position
269-286) 5'-CCTGGACCACAGAAGGGA-3', and
for amplification of swine cyclophilin were (forward,
position 189-206) 5'-ATGGCACTGGTGGCAAGT-
3/, (reverse, position 251-268) 5'-GATGCCAG-
GACCCGTATG-3'. Primers used for 5'-exonuclease
(TagMan) amplification of for swine GAPDH were
(forward, position 435-452) 5'-TGCCCAGAACAT-
CATCCC-3' and (reverse, position 476-493) 5'-
GGATGACCTTGCCCACAG-3'. All oligonucleotide
primers were used at a final concentration of 0.3 WM.
The dual-labeled probe used for detection of IFN-«
transcript was 5’-6-FAM-CTTGAGCCTTCTGGAC-
CTGGTTGC-BHQI1-3' (position 242-265), for detec-
tion of swine cyclophilin transcript was 5'-6-FAM-
CATCTATGGAGAGAAATTTGATGATGAGA-
BHQI-3' (position 207-236), and for detection of
swine GAPDH transcript was 6-FAM-CTTCT-
ACCGGCGCTGCCAAG-BHQI1-3" (position 455-
474). The dual-labeled probe used for detection of
heterologous swine IFN-a, cyclophilin, or GAPDH
competitor RNA was: 5'-HEX-TGTGCTGCAAGGC-
GATTAAGTTGGGT-BHQ2-3'. Each probe was used
at a final concentration of 0.2 wM. All oligonucleotide
primers and probes were synthesized by Integrated
DNA Technologies Inc. (Coralville, IA). The relative
copy numbers of IFN-a mRNA compared to
cyclophilin or GAPDH were determined as previously
described (Stordeur et al., 2002).

2.10. Statistical analysis

The Student’s #-test was used for the statistical
analyses. P-values of less than 0.05 were considered
statistically significant.

3. Results

3.1. PRRSYV field isolates differ in sensitivity
to rlIFN-«

To determine the sensitivity of North American
PRRSV field isolates to exogenous rIFN-a, viral

I control
61 |2 1um
zZZ32 100 U/ml

Virus titers (log4g TCID5q /ml)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Isolate number

Fig. 1. IFN-a sensitivity of PRRSV field isolates. PAM cultures
were pretreated with 1 or 100 U/ml rIFN-a. After 18 h the macro-
phages were washed and infected with 15 PRRSV field isolates
(MOI =0.01). After 48 h p.i. supernatants were harvested, frozen
and thawed one time and infectious virus titers were analyzed in
PAM cultures. This experiment was repeated twice with consistent
results.

replication of 15 field isolates was assessed in PAM
cultures that were pretreated with 1 or 100 U rIFN-o/
ml cell culture media (Fig. 1). For most isolates, viral
titers were either unchanged or slightly decreased by
the addition of 1 U/ml of r[FN-a.. However, replication
of one isolate (number 15) was reduced by >1
log o TCIDso/ml at this dose. All isolates demon-
strated greater declines in replication following pre-
treatment with 100 U/ml of rIFN-«, with titers for
5 of the 15 isolates declining to the detectable limits
of the assay. This experiment was repeated twice
independently and results were consistent between
experiments.

To further characterize differences in sensitivity to
rIFN-«, two isolates, numbers 7 and 12, were selected
for use in a dose-response growth curve experiment. A
representative experiment from 4 independent experi-
ments is shown (Fig. 2). A dose-dependent reduction
in viral titers was noted for both isolates. When PAM
cultures were pretreated with rIFN-o at 1, 10 and
100 U/ml there was a significant (P < 0.05) reduction
in viral titer from 12 to 36 h p.i. for isolate 12 whereas
for isolate 7 only 10 and 100 U/ml of rIFN-a resulted
in a significant reduction in viral yield. For PAM
cultures that were pretreated with 1 U/ml of rIFN-a,
titers of isolate 12 were 30-fold lower than isolate 7 at
12 h p.i. compared to the untreated controls for each
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Fig. 2. IFN-a sensitivity of PRRSV isolates 7 (A) and 12 (B). rIFN-
a (1, 10 or 100 U/ml) was added 18 h prior to PRRSV infection
(MOI'=1) and virus growth curve experiments were performed.
Infectious virus titers were analyzed in PAM cultures. A repre-
sentative example of four independent experiments is shown. *,
Significant difference compared with control (P < 0.05).

isolate. At 12, 24, 36 and 48 h p.i. the titers of isolate
12 in 10 U/ml rIFN-a-treated cells were approxi-
mately 2.0-3.0 log;g 50% tissue culture infectious
dose (TCIDsp)/ml lower than in untreated cells. In
contrast, the titers for isolate 7 were reduced by about
1.0-1.75 log,p TCIDs¢/ml. When PAM cultures were
pretreated with 100 U rIFN-o/ml, virus yields of
isolate 12 were inhibited throughout the time course
while virus yields of isolate 7 increased through the
time course and reached titers of the untreated control
at 48 h p.i. Taken together, these results demonstrate
that North American field isolates have different
sensitivities to exogenous rIFN-a in PAM cultures.
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Fig. 3. IFN-a sensitivity of PRRSV plaque-derived populations.
Viral stocks of PRRSV field isolates 7 (A), 12 (B) and 3 (C) were
plaque-purified on MARC-145 cells and 20, 16 and 16 plaques,
respectively, were selected and used in experiments without further
amplification in cell culture. rIFN-a (10 U/ml) pretreated PAM
cultures were infected with PRRSV plaques (40 pl/well) and at
48 h p.i. supernatants were harvested and infectious virus titers were
measured in PAM cultures.
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3.2. Plaque-derived populations from field isolates
differ in IFN-«a sensitivity and induction

To investigate whether PRRSV isolates are
composed of heterogeneous populations with measur-
able differences in rIFN-a sensitivity and IFN-o
induction, plaque-derived populations of field isolates
were prepared and tested. As shown in Fig. 3, plaque-
purified populations of all three isolates demonstrated
a range in sensitivity to exogenous rIFN-a. For
isolates 7 and 12, the range of reduction in viral titers
was approximately 0.7-3.0 log;o TCIDs¢/ml. For
isolate 3, the range of reduction in viral titers was
0-3.0 log;p TCIDso/ml. In preliminary experiments,
isolate 3 was the most consistent IFN-a inducer
compared to other field isolates tested. More than 2 U/
ml of IFN-a was consistently synthesized in cells
infected with isolate 3. In contrast IFN-a was typically
undetectable in cultures infected with other isolates,
although very low concentrations were detected in
some experiments. Plaque-derived populations of field
isolates were also characterized with respect to IFN-a
induction (Fig. 4). While individual plaques from all
three isolates induced relatively low concentrations of
IFN-a compared to TGEV, IFN-a production varied
among plaques from each isolate. IFN-« induced by
plaque-derived populations from isolates 3, 7 and 12
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were 231 +£1.41, 0.3+£0.22, and 1.07 +£0.57,
respectively (mean + S.D.). Plaques from isolate 3
induced a higher concentration of IFN-« than plaques
of the other two isolates (P < 0.01).

3.3. Effect of dsRNA on IFN production in PRRSV
infected PAM cultures

To investigate the ability of PRRSV field isolates to
suppress IFN-a induction by an IFN inducer, PAM
cultures were infected with PRRSV then treated with
polyl:C (20 wg/ml) after 12 h. In this experiment, no
measurable amount of IFN-a was induced by PRRSV
infection alone with any of the three PRRSV isolates
(Fig. 5A). In the absence of PRRSYV, polyl:C failed to
induce IFN-« at 6 h, although IFN-a was induced at
later time points. However, in the experiments shown
samples from later time points were not used in order
to avoid the influence of PRRSV-induced cytopathic
effect on IFN-a production. When PRRSV-infected
cells were treated with polyl:C, IFN-a production was
consistently enhanced to the greatest extent for isolate
3. Therefore it was tested whether isolates 7 or 12
could suppress IFN-a induced by a combination of
isolate 3 infection and polyl:C treatment of PAM
cultures. Both isolates 7 and 12 significantly
(P < 0.05) decreased IFN-a production by 53% and

40

30 A

IFN-a (U/ml)

0 an
#7

Plaque derived populations

#12

#3 TGE

(control)

Fig. 4. IFN-inducing capacity of PRRSV plaque-derived populations. PAM cultures were inoculated with 40 wl/well of each plaque and
supernatants were harvested after 48 h and analyzed for IFN-a concentration using a porcine IFN-a-specific ELISA. Plaques from isolate 3
induced a higher mean concentration of IFN-a than plaques of the other two isolates (P < 0.01). One unit/ml of rIFN-a is equivalent to 26 pg/ml.
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Fig. 5. Effect of PRRSV on IFN-a induced by polyl:C treated PAM
cultures. PAM cultures infected with each isolate were infected with
isolate 3 at 2 h p.i. (expressed as [#3]) and then treated with polyl:C
at 12h p.i. Supernatants were collected at 18 h p.i. (A). IFN-a
protein was measured by ELISA. One unit/ml of rIFN-« is equiva-
lent to 26 pg/ml. (B) Quantitative real-time RT-PCR was performed
by using total RNA extracted from PAM cultures. Results are
expressed as relative copy numbers of IFN-a mRNA using cyclo-
philin as an internal control. Values are shown as the means + S.D.
from duplicate wells and represent at least two independent experi-
ments. *, Significant difference compared with [#3] infected,
polyI:C treated cells (P < 0.05). #, Significant difference compared
with polyl:C only treated cells (P < 0.05). No significant differences
were detected in the copy numbers of IFN-a mRNA among PRRSV
isolate infected cells and control cells.

40%, respectively. In contrast, IFN-a production was
significantly (P < 0.05) increased by 37% in isolate 3
superinfected cells.

To demonstrate that suppression of IFN was not due
to decreased cell viability, three cell viability assays

(propidium iodide (PI) staining, trypan blue exclusion,
and cell titer 96® AQueous cell proliferation and
viability assay) were performed. When cell viability
was analyzed by flow cytometry after PI staining, cell
viability of PRRSV-infected cells at 12 h p.i. was
96.10%, 95.87%, and 95.52% for isolates 3, 7, and 12,
respectively. Uninfected cells demonstrated 95.20%
viability. This result was in excellent agreement with
the other two independent assays used to assess cell
viability.

To determine the effect of PRRSV on IFN-a mRNA
synthesis, quantitative real-time RT-PCR was per-
formed with samples from the suppression experi-
ments. Normalization of IFN-oo mRNA copy number
was performed both with cyclophilin and GAPDH
transcript, with equivalent results obtained. As shown
in Fig. 5B, PRRSV isolates induced variable quantities
of IFN-a mRNA in PAM cultures. The quantity of
IFN-oo mRNA did not correlate with the IFN-a protein
level detected by ELISA (Fig. 5A). Consistently, IFN-
o mRNA synthesis was increased in PRRSV-infected
PAM cultures (P < 0.05), despite a lack of detectable
IFN-«a protein. As a control, real-time PCR without
the RT step was performed to determine if levels of
contaminating genomic DNA following DNAse I
treatment affected real-time RT-PCR quantification.
Relative amounts of DNA in each sample were always
less than 2% of the total signal, demonstrating that the
signal analyzed was from RNA rather than DNA.

UV-inactivated PRRSV stocks were tested to
determine whether virus binding to the cells is
responsible for enhanced IFN-a production by
polyl:C in cells infected with isolate 3 (Fig. 6). UV-
inactivation of virus reduced IFN-a in these cells to
11.7% of control values obtained using fully infec-
tious virus (P < 0.05). Thus, virus binding to the cells
alone was not sufficient to amplify IFN-a synthesis by
polyl:C.

To determine if IFN-o secreted after initial
infection with isolate 3 was responsible for enhanced
IFN-a production in respond to polyl:C, neutralizing
antibody against porcine IFN-o was used (Fig. 6).
Neutralizing antibody against pig IFN-« reduced IFN-
a production by polyl:C in cells infected with isolate
3-14% of control values (P < 0.05) when added into
cell cultures at a concentration of 50 neutralizing
units/ml prior to polyl:C treatment. Pretreatment of
macrophages with low concentration of rIFN-« (1 U/
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Fig. 6. Effect of UV-inactivated virus and anti-IFN-a antibodies on
IFN-a production. PAM cultures were infected with either PRRSV
or UV-inactivated PRRSV at MOI = 1.0 for 2 h. Polyclonal antibody
against porcine IFN-a (50 neutralizing units/ml) was added into cell
cultures at the time of infection. At 12 h p.i. cell culture media was
replaced with media containing polyI:C (20 wg/ml). After additional
6 h incubation, cell culture media was collected and analyzed for
IFN-a production by using porcine specific ELISA. One unit/ml of
rIFN-a is equivalent to 26 pg/ml. *, Significant difference compared
to polyl:C treated and isolate 3 infected cells (P < 0.05).

ml) also enhanced IFN-a production from 3 U/ml to
more than 500 U/ml by polyl:C. Thus these experi-
ments suggest that even low concentrations of IFN-«
induced by isolate 3 are sufficient to strongly enhance
the IFN response to polyl:C treatment.

4. Discussion

The type I IFN response plays an important role in
host defenses against viral infection by performing
immunoregulatory functions that link innate and
adaptive immune responses by multiple mechanisms
(reviewed by Biron, 1998) as well as through direct
antiviral effects. In this study, North American
PRRSYV field isolates were evaluated with respect to
induction, sensitivity and suppression of an in vitro
IFN response in PAM cultures. Our results show that
these isolates are sensitive to rI[FN-a in a dose-
dependent manner, but are generally poor inducers of
IFN in vitro. Notably the extent of the sensitivity and
induction of IFN not only differed between PRRSV
isolates, but also showed variation among the plaque-
derived populations within each isolate. Two of the

field isolates studied were able to suppress the IFN-a
production of cells dually-treated with polyl:C and a
third North American PRRSV isolate. While con-
siderable variation was noted for the levels of IFN-a
measured between replicates, most likely due to the
variability of alveolar macrophage function among
pigs (du Manoir et al., 2002), the trends observed were
consistent between experiments. Taken together, these
results demonstrate that North American PRRSV
isolates differ in the ability to induce or suppress IFN-
o, which may contribute to both virulence differences
commonly observed among PRRSV infections and the
failure of PRRSV infection to consistently induce a
rapid and robust sterilizing immune response.

The role of type I IFN in PRRSV pathogenesis has
been addressed by previous research (Albina et al.,
1998a; Buddaert et al., 1998; Van Reeth et al., 1999),
however this work was performed with two isolates
(Lelystad and SDRPI) of the European PRRSV
lineage, which is quite divergent (~60% sequence
identity) compared to North American strains. In the
present study, it was demonstrated that North
American PRRSV isolates were sensitive to rIFN-a
in a dose-dependent manner and were poor IFN-a
inducers in vitro. These results are consistent with
previous studies using European PRRSV isolates
(Albina et al., 1998a; Buddaert et al., 1998; Van Reeth
et al., 1999). Similar to results with type I IFN, North
American PRRSV replication was also blocked by a
type I IFN (IFN-v) and virus replication was restored
by the addition of 2-aminopurine, an inhibitor of PKR
(Rowland et al., 2001).

Biological, antigenic, pathogenic, and genetic
variation among PRRSV field isolates has been well
documented (reviewed by Meng, 2000). The data
presented herein demonstrated that North American
PRRSV field isolates were differentially sensitive to
the in vitro antiviral effects of rIFN-a and the use of
plaque-derived populations from these field isolates
demonstrated that closely related variants of PRRSV
may differ in their IFN responses. Similarly, it has
been shown that the sensitivity of reovirus, hepatitis C
virus and lymphocytic choriomeningitis virus
(LCMV) to type I IFN antiviral activity differs among
viral strains (Enomoto et al., 1996; Moskophidis et al.,
1994; reviewed by Samuel, 1998). A previous study
suggested that significant differences of IFN-inducing
capabilities could be a quasispecies marker of
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vesicular stomatitis virus (VSV) (Marcus et al., 1998).
In contrast to the results presented herein, a study
using the European PRRSV strains SDRPI and
SDRPII found no strain differences in IFN-a
sensitivity or induction, despite differences in clinical
virulence (Albina et al., 1998a). Previous experi-
mental work has demonstrated evidence of a relation-
ship between IFN phenotypes and virulence for other
viruses. For example, virulent measles virus induces
lower levels of IFN than attenuated strains and IFN-
resistant strains can establish persistent infections of
the central nervous system (Carrigan and Knox, 1990).
It has also been shown that the capability of non-
cytopathic bovine viral diarrhea virus to establish
persistent infections in the early fetus is related to its
ability to suppress type I IFN synthesis (Charleston et
al., 2001). Future in vivo studies will be needed to
determine if the IFN phenotypes described in the
present study are related to PRRSV virulence or
persistence.

In the present study it was shown that polyl:C
treatment of PRRSV-infected cells resulted in greatly
enhanced IFN-a production, especially in PAM
cultures infected with PRRSV isolate 3. Similar
phenomenons have been reported by other studies.
IFN-inducing Listeria monocytogenes (Havell, 1986)
and type I IFN pretreatment (Rosztoczy and Megyeri,
1989) enhanced IFN production by polyl:C, Sendai
virus, or endotoxin. A plausible mechanism of this
enhancement is by positive feedback regulation of
type I IFN synthesis, in which a weak IFN-a/p
signaling contributes to the enhancement of IFN-o/[3
synthesis due to the accumulation of transcription
factor IRF-7 (reviewed by Taniguchi and Takaoka,
2001). This positive feedback loop of IFN synthesis
could be efficiently induced by a small amount of IFN-
o produced during the first 12 h after isolate 3
infection, resulting in amplification of the IFN-a
response to polyl:C. Consistent with this possibility
was the observation that neutralizing antibody against
IFN-a remarkably reduced IFN-a production by
polyl:C in cells infected with isolate 3, and that
1 U/ml of rIFN-a added to poly I:C treated cells
greatly increased the levels of IFN-a detected. Toll-
like receptor 3 (TLR3) which recognizes polyl:C
(Alexopoulou et al., 2001) could be also involved in
the enhancement of IFN production. Measles virus
strains with IFN-B inducing properties up-regulated

the expression of TLR3 resulting in enhanced IFN-3
production in response to polyl:C (Tanabe et al.,
2003). Therefore IFN produced by isolate 3 may act
through a similar mechanism to up-regulate TLR3
expression followed by increased IFN-a production
after polyl:C treatment.

For viruses such as Sendai virus and VSV, low IFN-
inducing strains have been shown to suppress IFN
induction of high IFN-inducing strains of the same
virus (Marcus et al., 1998; Mattana and Viscomi,
1998). In the present study, the levels of PRRSV IFN
induction were typically too low to use in a similarly
designed suppression experiment. Therefore the
suppressive effect of PRRSV isolates 7 and 12 on
IFN-a production was evaluated in cells infected with
isolate 3 and treated with polyl:C, and significant
suppression of IFN-a was demonstrated. European
PRRSYV was also shown to suppress IFN-a production
by TGEV, both in vitro and in vivo (Albina et al.,
1998a). However, this result was not corroborated in
vivo by another group using the closely related porcine
respiratory coronavirus (PRCV) (Buddaert et al.,
1998). Microarray experiments have indicated that
polyl:C, IFN and viruses induced different subsets of
the same cellular genes by activating diverse signaling
pathways (Geiss et al., 2001). Since IFN-a production
was enhanced by the addition of polyl:C, it is likely
that PRRSV isolates 7 and 12 suppress an IFN-a
synthesis pathway activated by isolate 3 and polyl:C
but not polyl:C alone. It has been shown that viruses
which are resistant to the effects of IFN or can
suppress IFN production have increased opportunities
to spread before activation of the adaptive immune
response (Moskophidis et al., 1994; Naniche et al.,
2000). Mouse models of viral infection have clearly
demonstrated that disrupting the IFN response leads to
higher levels of viral replication. Mice deficient in an
IFN receptor exhibited increased susceptibility to
LCMYV (van den Broek et al., 1995) and extensive
spread of LCMYV infection correlated with an isolate’s
relative resistance to IFN-a/f3 and IFN-y (Moskophi-
dis et al., 1994).

Viruses can suppress IFN-a synthesis both at the
transcriptional and post-transcriptional level. Many
viruses prevent mRNA synthesis of IFN-a through
various mechanisms but VSV inhibits IFN-a synthesis
by shutting down the host protein synthesis (Ahmed et
al., 2003). The present study showed that PRRSV
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stimulated IFN-oo mRNA synthesis but inhibited IFN-
o protein expression. This result suggests that the
mechanism by which PRRSV isolates suppress IFN-o
production is mediated by generally inhibiting host
protein expression or by specifically inhibiting IFN-«
protein expression. Half-life times of IFN mRNA
and protein could be different and that might be
responsible for differences between mRNA and
protein levels of IFN. However, increases in IFN-«
mRNA expression for PRRSV infected PAM cultures
were consistently detected at multiple times post-
infection, yet for cells infected with isolate 7 or 12
very low to undetectable levels of IFN-a protein were
typically observed at all times p.i. Thus, although the
mechanisms of IFN-a suppression by PRRSV remain
to be elucidated, data presented herein show that it is
likely to be post-transcriptional in nature.

While the immune response against PRRSV is
poorly understood, experimental work has demon-
strated that the adaptive immune response of PRRSV-
infected pigs is generally ineffective (Horter et al.,
2002; Mengeling et al., 1996; reviewed by Murtaugh
et al., 2002; Wills et al., 1997, 2003). Specific
evidence of this includes a slow neutralizing antibody
response, which is typically not detected until 3 weeks
pi. (Albina et al, 1998b) and does not reach
maximum levels until 10-18 weeks p.i. (Nelson
et al., 1994; Yoon et al., 1995). Wide variation has
been shown in individual animals, with some studies
demonstrating that many infected animals fail to
develop a neutralizing antibody response (Loemba
etal., 1996; Nelson et al., 1994). While the importance
of a cell-mediated response for protection against
PRRSYV has not been debated, the effectiveness of this
response during the early phases of disease also
appears to be suboptimal (reviewed by Murtaugh et
al., 2002). For example, the T-cell response to PRRSV
is weak and transient and cannot be restimulated for
more than 4 weeks post-challenge (Meier et al., 2000;
Molitor et al., 1997). Additionally, IFN-y responses
of PRRSV-infected pigs were relatively weak and
increased slowly in comparison to pseudorabies virus
infected pigs (Meier et al., 2003). Although the precise
mechanisms for the ineffective nature of the adaptive
immune response to PRRSV is not known, PRRSV
evasion of the innate immune responses, such as the
type I IFN response, may set the stage for subsequent
subversion of the adaptive immune response.

In conclusion, the data presented in this study
demonstrates that North American PRRSV field
isolates are distinctively different in their in vitro
IFN phenotypes, a difference that could contribute to
the variable clinical signs and pathology observed in
PRRSV infections. Moreover, the lack of IFN
response following infection with PRRSV could be
involved in the establishment of persistent infections
or secondary bacterial and viral infection, both of
which are characteristic of PRRSV infections in
swine. However, in vivo studies are required to fully
define the role of type I IFN in PRRSV pathogenesis
and virulence. The mechanisms involved in enhance-
ment of IFN-a by PRRSV infected and polyl:C treated
cells remains to be elucidated. Additionally, it will be
important to determine whether PRRSV generally
inhibits host protein synthesis or specifically down-
regulates IFN expression and to identify the viral
proteins that contribute to the different IFN response
among PRRSV isolates. Knowledge about the role of
IFN in PRRSV pathogenesis will provide new
hypotheses for improved vaccines or methods to
modulate the immune response in order to more
effectively control PRRSV infection.
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