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Type I interferons (IFNs) IFN-o/f3 play an important role in innate immunity against viral infections by
inducing antiviral responses. Porcine reproductive and respiratory syndrome virus (PRRSV) inhibits the
synthesis of type I IFNs. However, whether PRRSV can inhibit IFN signaling is less well understood. In the
present study, we found that PRRSV interferes with the IFN signaling pathway. The transcript levels of
IFN-stimulated genes ISG15 and ISG56 and protein level of signal transducer and activator of transcription
2 (STAT2) in PRRSYV VR2385-infected MARC-145 cells were significantly lower than those in mock-infected
cells after IFN-« treatment. IFN-induced phosphorylation of both STAT1 and STAT2 and their heterodimer
formation in the PRRSV-infected cells were not affected. However, the majority of the STAT1/STAT2/IRF9 (IFN
regulatory factor 9) heterotrimers remained in the cytoplasm of PRRSV-infected cells, which indicates that the
nuclear translocation of the heterotrimers was blocked. Overexpression of NSP13 of PRRSV VR2385 inhibited
expression of ISG15 and ISG56 and blocked nuclear translocation of STAT1, which suggests that NSP13 might
be the viral protein responsible for the inhibition of IFN signaling. PRRSV infection in primary porcine
pulmonary alveolar macrophages (PAMs) also inhibited IFN-a-stimulated expression of the ISGs and the
STAT?2 protein. In contrast, a licensed low-virulence vaccine strain, Ingelvac PRRS modified live virus (MLYV),
activated expression of IFN-inducible genes, including those of chemokines and antiviral proteins, in PAMs
without the addition of external IFN and had no detectable effect on IFN signaling. These findings suggest that
PRRSY interferes with the activation and signaling pathway of type I IFNs by blocking ISG factor 3 (ISGF3)

nuclear translocation.

Porcine reproductive and respiratory syndrome (PRRS) is
an economically important disease, causing an estimated loss
of $560 million per year to the swine industry in the United
States (24). The causative agent, PRRS virus (PRRSV), is a
positive-sense single-stranded RNA virus belonging to the
tamily Arteriviridae (20). The genome of PRRSV is about 15 kb
in length, with nine open reading frames (ORFs) (7, 22).
ORFla and -1b comprise 80% of the viral genome and are
predicted to encode viral enzymes for RNA synthesis. ORF2,
-2a, -3, and -4 of PRRSYV encode minor membrane-associated
proteins GP2, E, GP3, and GP4, respectively. ORFS, -6, and -7
encode major structural proteins, i.e., a major envelope glyco-
protein (GP5), a membrane protein (M), and a nucleocapsid
protein (N), respectively (18, 21). PRRSV can be propagated
in vitro in the epithelial cell-derived monkey kidney cell line
MARC-145 (12) and in primary culture of porcine pulmonary
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alveolar macrophages (PAMs). PAMs are the main target cells
for PRRSV during acute infection of pigs (31).

PRRSV-infected pigs develop a delayed appearance of neu-
tralizing antibodies (15) and a weak cell-mediated immune
response (39). PRRSV inhibits synthesis of type I interferons
(IFNs) in infected pigs (1, 5, 17). IFNs could not be detected in
the lungs of pigs in which PRRSV actively replicated. PRRSV
infection of PAMs and MARC-145 cells in vitro leads to very
low levels of IFN-a expression (1, 23). Suppression of innate
immunity is believed to be an important factor contributing to
the PRRSV modulation of host immune responses.

Type I IFNs, such as IFN-a and -B, acting in concert with
IFN-v, are critical to innate immunity against viruses and play
an important role in the modulation of adaptive immunity (34).
Activation of IFN signaling leads to induction of antiviral re-
sponses. The signaling of type I IFNs is initiated after IFN-a
and -B bind to their receptors on the cell surface (8, 32, 33).
The receptor binding activates Janus kinase (JAK) and Tyk2 to
phosphorylate the signal transducers and activators of tran-
scription (STATs) STAT1 and STAT2. Phosphorylated
STAT1 and STAT2 form heterotrimers with interferon regu-
latory factor 9 (IRF9) and translocate into the nucleus to
induce expression of IFN-stimulated genes (ISGs), which re-
sult in the establishment of an antiviral state (8, 32, 33).

It was found that PRRSV suppresses IFN-B production in
MARC-145 cells by interfering with the RIG-I signaling path-
way (17) and that PRRSV NSP1B inhibits interferon produc-

11045



11046 PATEL ET AL.

tion (3, 6, 13). Overexpression of PRRSV NSP18 in HEK293T
cells interferes with the nuclear translocation of STAT1-green
fluorescent protein (GFP), as observed under fluorescence mi-
croscopy (6). However, whether PRRSV can inhibit type I IFN
signaling and induction of IFN-stimulated genes, especially in
primary PAMs, is not known.

To further define the mechanisms of PRRSV-induced inhi-
bition of innate immunity, we examined the effects of PRRSV
infection on type I IFN signaling. In the present study, we
found that PRRSV inhibited type I IFN signaling and down-
stream gene expression. The nuclear translocation of STAT1/
STAT2/IRF9 heterotrimers was blocked, while the IFN-in-
duced phosphorylation of STAT1 and STAT2 was not affected.
PRRSV NSP1 is the possible viral protein that is responsible
for the inhibition of IFN signaling. The interference of IFN
signaling was also demonstrated in primary culture of PAMs.

MATERIALS AND METHODS

Cells and viruses. MARC-145 (12), HEK293, and HeLa cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). PRRSV VR2385 (19) was used to inoculate MARC-145
cells at a multiplicity of infection (MOI) of 0.5 to 1. A licensed modified live virus
(MLYV) vaccine strain, Ingelvac PRRS MLV (herein named MLV), was kindly
provided by Kay S. Faaberg (National Animal Disease Center, Ames, IA). Virus
titers were determined in MARC-145 cells for the median tissue culture infec-
tious dose (TCIDs), as described previously (40).

Primary PAMs were prepared from bronchoalveolar lavage fluid of 8-week-
old, PRRSV-negative piglets. The preparation and subsequent culture of PAMs
in RPMI 1640 culture medium were conducted as previously described (25).

For virus inactivation, supernatant containing virus was treated in a UV cross-
linker for two 10-min pulses separated by a 1-min interval. Virus inactivation was
confirmed by inoculation of MARC-145 cells and the absence of cytopathic-
effect development 72 h postinfection (hpi).

For interferon stimulation, recombinant human IFN-a A/D (Sigma-Aldrich,
St. Louis, MO) was added to the cell culture at a final concentration of 1,000
U/ml, unless stated differently in Results and the figure legends. The cells were
harvested at 30 min to 1 h or later (depending on the experiments) for further
analysis.

Plasmids. pPEGFP-C1-STAT]I, for STAT1-enhanced GFP (STAT1-eGFP) ex-
pression, was obtained from Addgene (36). The NSP1la sequences were ampli-
fied from cDNA of VR2385 and MLV, respectively, with primers 8SNSP1F1 and
85NSP1R1, and the NSP1p sequence was amplified with primers 8SNSP1F2 and
85NSP1R2 (Table 1), which contain restriction sites for EcoRI or Xhol to
facilitate directional cloning. The two fragments were cloned separately into the
pCMVTag2B vector. The resulting recombinant plasmids produced FLAG-
tagged NSP1a and NSP1B. In each plasmid, cloning was confirmed by restriction
enzyme digestion and DNA sequencing. NSP1B was also cloned into a red
fluorescent protein (RFP) reporter vector to express NSP13-RFP.

Confocal fluorescence microscopy. MARC-145 cells were seeded directly onto
Lab-Tek chamber slides, cultured overnight, and transfected with STAT1-eGFP
plasmid. At 4 h after transfection, the cells were infected with PRRSV VR2385
at an MOI of 1. IFN-a was added to the cells at a final concentration of 1,000
U/ml at 16 to 24 hpi. One hour after IFN-a treatment, the cells were fixed with
2% paraformaldehyde and mounted onto slides by using SlowFade Gold antifade
reagent containing 4’6’-diamidino-2-phenylinodole (DAPI) (Invitrogen, Carls-
bad, CA). The STAT1-eGFP distribution in the cells was visualized by confocal
fluorescence microscopy.

To determine STAT1-eGFP nuclear translocation in HeLa cells after IFN
treatment, the cells were cotransfected with STAT1-eGFP and NSP1B-RFP
plasmids. At 24 h after transfection, the cells were treated with IFN-a at 300
U/ml for 1 h and fixed for confocal microscopy as described above.

Western blot analysis. Cells were lysed in Laemmli sample buffer. The samples
were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blot analysis as described previously (41). Briefly, the
cell lysates were resolved in a 12% polyacrylamide gel. The separated proteins
were then transferred onto a nitrocellulose membrane and probed with rabbit
anti-STAT1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Specific
reaction products were detected using goat anti-rabbit IgG conjugated with
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TABLE 1. List of primers used for real-time PCR

Primer name“

Primer sequence (5’ to 3")

ISG15-F1 ..CACCGTGTTCATGAATCTGC
ISG15-R1 .CTTTATTTCCGGCCCTTGAT
ISG56-F1 ... CCTCCTTGGGTTCGTCTACA
ISG56-R1... GGCTGATATCTGGGTGCCTA
Actin-F1.. ..ATCGTGCGTGACATTAAG
Actin-R1. ATTGCCAATGGTGATGAC
sISG15-F1.. ..GGTGCAAAGCTTCAGAGACC
sISG15-R1 .............. GTCAGCCAGACCTCATAGGC
sIFI56-F1 ... TCAGAGGTGAGAAGGCTGGT
sIFI56-R1 GCTTCCTGCAAGTGTCCTTC

sRPL32-F1.
..GCTGAGCCACAACTGGAACT

sRPL32-R1

sCCL2-F1................ CACCAGCAGCAAGTGTCCTA
sCCL2-R1............... TCCAGGTGGCTTATGGAGTC
sCXCL10-F1.........TTCGCTGTACCTGCATCAAG

sCXCLI10-R1.......... CAACATGTGGGCAAGATTGA

sMX1-F1.... AGCGCAGTGACACCAGCGAC

sMX1-R1 GCCCGGTTCAGCCTGGGAAC

sOAS2-F1 .. CACAGCTCAGGGATTTCAGA

SOAS2-R1.. ..TCCAACGACAGGGTTTGTAA
sRNaseL-F1............ GCCAGACCTAGTGGCTTCTG

sRNaseL-R1 ........... AGAGGCCCAGAGAGTTGTGA

85NSP1F1.. ..GCGAATTCTCTGGGATGCTTGATCG
85NSPIR1 . ..CCGCTCGAGTTACATAGCACACTCAAAGG
85NSP1F2.. ..GCGAATTCGCTACTGTCTATGACATTG
85SNSPIR2 .............. CCGCTCGAGTTAGCCGTACCACTTGTGAC

“F1 (or F2), forward primer; R1 (or R2), reverse primer. An “s” before a
primer name indicates that the primer is for a porcine gene. An “85” before a
primer name indicates that the primer is based on sequences of PRRSV VR2385.

horseradish peroxidase (Sigma) and revealed using a chemiluminescence sub-
strate. The chemiluminescence signal was recorded digitally by a ChemiDoc
XRS imaging system (Bio-Rad Laboratories, Hercules, CA). B-Tubulin was
detected on the same blot membrane to normalize protein loading. Digital signal
acquisition and analysis were conducted using the Quantity One program, ver-
sion 4.6 (Bio-Rad). The expression of other proteins was detected through
corresponding antibodies against STAT2, histone H1, phospho-STAT2 (Tyr690,
herein named STAT2-Y690) (Santa Cruz Biotechnology), and phospho-STAT1
(Tyr701, herein named STATI-Y701) (Millipore, Billerica, MA). Antibodies
against STAT1-Y701 and STAT2-Y690 were used to detect IFN-activated phos-
phorylation of STAT1 and STAT?2 after IFN-a stimulation. Convalescent anti-
serum from a pig inoculated with PRRSV VR2385 was used to detect PRRSV
proteins in the lysates of the virus-infected cells.

Subcellular fractionation. The nuclear fraction was extracted from MARC-
145 cells by using a CelLytic NuClear extraction kit (Sigma). The cells were
inoculated with VR2385 at an MOI of 1 and, at 16 to 24 hpi, treated with IFN-a
at 1,000 U/ml for 1 h. Cell collection, lysis, and subcellular fractionation were
done following the manufacturer’s instructions. The nuclear and cytoplasmic
fractions were subjected to Western blotting. Antibodies against B-tubulin and
histone H1 were used to assess the fractionation. Separation of cytoplasmic and
nuclear fractions of HEK293 cells was done similarly.

IP. MARC-145 cells were infected with VR2385 and treated with IFN-a as
described above. The cells were lysed with lysis buffer (50 mM Tris, pH 7.4, 150
mM NaCl, 1 mM EDTA, 1% Triton X-100) supplemented with a protease
inhibitor cocktail (Sigma). The lysate was clarified by centrifugation at 14,000 X
g for 5 min at 4°C. Antibodies against STAT1 or STAT2 (Santa Cruz) were
added to the supernatant. Immunoprecipitation (IP) with protein G agarose
(KPL Inc., Gaithersburg, MD) was done following the manufacturer’s instruc-
tions. The IP samples with antibody against STAT1 were subjected to Western
blotting with STAT2-Y690 antibody. The IP samples with antibody against
STAT?2 were subjected to Western blotting with STAT1-Y701 antibody.

RNA isolation and real-time RT-PCR. Total RNA was isolated from HEK293
and MARC-145 cells and PAMs with TRIzol reagent (Invitrogen) by following
the manufacturer’s instructions. Real-time PCR primers used in this study are
listed in Table 1. Reverse transcription (RT) of RNA and real-time quantitative
PCR were conducted as previously described (25, 26). Transcripts of ribosomal
protein L32 (RPL32) or B-actin were also amplified from the samples of PAMs
and MARC-145 or HEK293 cells, respectively, and used to normalize the total
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FIG. 1. PRRSYV inhibits expression of IFN-stimulated genes in MARC-145 cells. (A) Reduction of ISG15 and ISG56 transcripts, as detected
by real-time RT-PCR. Cells were inoculated with PRRSV VR2385, incubated for 24 h, and then treated with IFN-« for 1 h. (B) UV-inactivated
PRRSV has no effect on expression of ISG15 and ISG56, as detected by real-time RT-PCR. Cells were inoculated with PRRSV VR2385 or
UV-inactivated VR2385, incubated for 24 h, and then treated with IFN-« for 1 h. (C) Reduction of ISG15 and ISG56 transcripts in PRRSV-
infected cells 15 h after IFN treatment. Cells were inoculated with PRRSV VR2385, incubated for 24 h, and then treated with IFN-«a for 15 h.
Significant differences between the two groups for each transcript are denoted by a single asterisk and a double asterisk, which indicate P values
of <0.05 and <0.01, respectively. Error bars represent standard deviations. (D) Inhibition of IFN-induced STAT?2 protein expression by Western
blotting. Cells were infected with PRRSV VR2385 or mock infected for 24 h and then treated with IFN-a for 8 h. The same blot was incubated
with B-tubulin antibody as a protein loading control. (E) Western blotting of STAT1 and STAT2 from the cells 24 h after IFN-o treatment in the

presence or absence of PRRSV infection.

amount of input RNA. Relative transcript levels were quantified by the 2744¢7
(threshold cycle) method (16) and are shown as relative fold change in compar-
ison with the level for the mock-treated control.

Statistical analysis. The significant differences in cellular RNA level between
the groups of IFN-treated cells in the presence or absence of virus infection were
assessed by Student’s ¢ test. A two-tailed P value of less than 0.05 was considered
significant.

RESULTS

PRRSYV interferes with IFN-a induction of ISG expression.
Type I IFN signaling leads to elevated expression of a variety
of cellular genes, including ISG15 and ISG56 (8, 32, 33). To
examine the effect of PRRSV replication on type I IFN sig-
naling, we inoculated MARC-145 cells with PRRSV VR2385
and treated the cells with IFN-« at 16 to 24 hpi. Quantitative
RT-PCR was conducted to assess the transcript levels of ISG15
and ISG56 1 h after IFN-« treatment. The transcript levels of
ISG15 and ISG56 in IFN-treated cells increased 5.5- and 43.2-
fold, respectively, in comparison with the levels in mock-
treated cells (Fig. 1A). In PRRSV-infected MARC-145 cells

after IFN stimulation, the transcript levels of ISG15 and ISG56
were, respectively, 3- and 2.6-fold lower than those in the
mock-infected cells (Fig. 1A). The expression levels of the two
genes in PRRSV-infected cells without IFN-a treatment were
similar to those in mock-inoculated cells, indicating that
PRRSYV infection did not affect the basal expression level of
these genes.

To test whether viral replication is needed for the interfer-
ence effect, we inactivated the PRRSV virions by UV illumi-
nation and verified the viral inactivation by the lack of viral
replication 72 h after inoculation of the cells. When the UV-
inactivated virus was used to inoculate the cells, the expression
of the ISGs after IFN-a treatment was similar to that in the
mock-inoculated cells. No difference in the transcript levels of
the two ISGs was detected between the cells receiving mock
inoculum and those receiving UV-inactivated PRRSV after
the IFN-« treatment (Fig. 1B). This result indicates that active
PRRSYV replication was needed for the transcript reduction of
the two ISGs after IFN stimulation.
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FIG. 2. Phosphorylation status of STAT1 and STAT2 in PRRSV-infected MARC-145 cells after IFN-« stimulation. (A) Western blotting with
antibodies against STAT1-Y701 and STAT2-Y690. Cells were infected with PRRSV VR2385 or mock infected and, at 24 hpi, treated with IFN-«
for 1 h. The same blot was incubated with B-tubulin antibody as a protein loading control. Convalescent pig antiserum was used to blot the
membrane to show the PRRSV proteins in the lysates of PRRSV-infected cells. Positions of prestained molecular mass markers are shown on the
left. (B) Western blotting with antibodies against STAT1-Y701 and STAT2-Y690 in VR2385-infected or mock-infected cells 0.5, 2, and 8 h after

IFN-« treatment.

When incubation of the cells was extended to 15 h after
IFN-a treatment, the transcript levels of ISG15 and ISG56
increased 234- and 290-fold, respectively, in comparison with
the levels in mock-treated cells (Fig. 1C). PRRSV-infected
cells had significantly lower levels of expression of ISG15 and
ISG56 (10- and 14-fold, respectively) after IFN treatment than
did mock-infected cells. The transcript levels of STAT1 and
STAT?2 were also assessed, and no significant difference was
noticed between cells with and without the IFN treatment
(data not shown). Together, the data demonstrate that PRRSV
infection of MARC-145 cells interferes with IFN stimulation of
ISG15 and ISG56 expression.

Type I IFN signaling leads to an elevation in expression of a
variety of proteins encoded by IFN-responsive genes, including
STAT2 (8, 32, 33). MARC-145 cells, in the presence or ab-
sence of PRRSV infection, were treated with IFN-« for 8 h and
harvested for Western blotting. After IFN-« stimulation, the
STAT?2 protein level in the IFN-treated cells increased consid-
erably (Fig. 1D), which is consistent with STAT2 function as an
ISG. However, STAT?2 protein in VR2385-infected cells after
IFN-« treatment remained at a low basal level similar to that
for mock-treated MARC-145 cells. The levels of STAT1 in all
samples were similar, possibly because of the high basal level of
STAT1 protein in the cytoplasm. When the IFN-treated cells
were incubated for 24 h, the STAT2 protein level in mock-
infected cells was much higher than that in the VR2385-in-
fected cells (Fig. 1E). The STAT2 protein level in VR2385-
infected cells was similar to that in mock-infected cells in the
absence of IFN-a treatment. The STATI level in mock-in-
fected cells was slightly increased at 24 h after IFN-a stimula-
tion. A slight increase was also noticed in VR2385-infected
cells without addition of IFN (Fig. 1E), which might be caused
by sample loading, shown by a higher intensity of the B-tubulin
band (Fig. 1E, last lane). These results indicate that PRRSV

infection interfered with IFN-a signaling and, thus, resulted in
the reduction of downstream gene expression.

An immunofluorescence assay with PRRSV N-specific
monoclonal antibody was conducted to examine the percent-
age of PRRSV-infected cells at 24 hpi. Positive staining was
observed in over 95% of cells by confocal microscopy (data not
shown). The high percentage of PRRSV-infected cells indi-
cated that the interference of IFN-induced STAT2 protein
expression was due to PRRSV infection.

PRRSY does not alter the IFN-induced phosphorylation of
STAT1 and STAT2. STAT1 and STAT?2 are key players in the
IFN-a-activated JAK/STAT signaling pathway (8, 32, 33).
Phosphorylation of STAT1 and STAT?2 is an early step in the
pathway after type I IFNs bind to their receptors. To deter-
mine if PRRSV interferes with the IFN-induced activation of
these two proteins, we tested the phosphorylation status of
STAT1 and STAT2 in MARC-145 cells 1 h after IFN-a treat-
ment. The levels of phosphorylated STAT1 at tyrosine 701
(STAT1-Y701) and STAT2 at tyrosine 690 (STAT2-Y690)
were greatly increased after IFN-a treatment (Fig. 2A). No
difference was observed between the IFN-treated cells with
and without PRRSV infection. In mock-treated cells, the phos-
phorylation of these two proteins was below detection level.
This result showed that PRRSV replication did not change
STAT1 and STAT?2 phosphorylation status after IFN-a stim-
ulation in comparison with that for mock-infected cells. To
make sure that the PRRSV proteins were similarly expressed
in the PRRSV-infected cells with and without IFN-« treat-
ment, the cell lysates were subjected to Western blotting with
convalescent pig antiserum. Both lanes showed similar band
patterns and intensities of the PRRSV proteins (Fig. 2A).

To further confirm that PRRSV replication has no effect on
the IFN-a-activated phosphorylation of these two proteins, we
harvested cells at 0.5, 2, and 8 h after IFN-a addition. The
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FIG. 3. IP detection of STAT1/STAT2 heterodimer formation in
MARC-145 cells after IFN-a treatment. Cells were infected with
PRRSV VR2385 or mock infected and, at 24 hpi, treated with IFN-«
for 1 h. WB, Western blot.

levels of STAT1-Y701 and STAT2-Y690 were highest 0.5 h
after IFN addition (Fig. 2B). The level of STAT1-Y701 in cells
8 h after IFN-a addition decreased substantially to below de-
tection level. At all time points, the levels of STAT1-Y701 and
STAT2-Y690 in the PRRSV-infected MARC-145 cells were
similar to those in mock-infected cells after IFN-a treatment
(Fig. 2B). In PRRSV-infected and mock-treated cells, STAT1-
Y701 and STAT2-Y690 were below detection level. Therefore,
we conclude that PRRSV infection does not affect the IFN-a-
induced phosphorylation of STAT1 and STAT?2.
STAT1/STAT2/IRF9 heterotrimer formation is not altered.
The IFN-induced activation of STAT1 and STAT2 results in
the formation of STAT1/STAT2 heterodimers that further
associate with IRF9 to form the mature ISG factor 3
(ISGF3) (8, 32, 33). Since the IFN-induced phosphorylation
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of STAT1 and STAT2 was not significantly changed in
PRRSV-infected cells, we further analyzed the ISGF3 com-
plex in MARC-145 cells by immunoprecipitation followed
by Western blotting. IP with STAT1 antibody and then blot-
ting with antibody against STAT2-Y690 showed the pres-
ence of phosphorylated STAT2 in the samples from the
IFN-treated cells regardless of PRRSV infection (Fig. 3).
Similarly, IP with STAT2 antibody and then blotting with
antibody against STAT1-Y701 showed the presence of phos-
phorylated STAT1 in the two IFN-treated samples. In con-
trast, no specific signal was detected in samples from cells
without IFN stimulation. This result indicated that the
ISGF3 heterotrimer formation after IFN treatment in
VR2385-infected cells is not significantly affected.

PRRSYV interferes with ISGF3 nuclear translocation. The
ISGF3 complex translocates to the nucleus to initiate gene
transcription by binding to interferon-stimulated response el-
ements (ISREs). To examine the translocation step of the
JAK/STAT signaling pathway in PRRSV-infected cells, we
transfected MARC-145 cells with pEGFP-C1-STAT1 and sub-
sequently infected the cells with VR2385. At 24 hpi, the cells
were treated with IFN-« for 1 h, fixed, and mounted for con-
focal microscopy. In the IFN-treated cells without PRRSV
infection, the major portion of STAT1-eGFP was translocated
to the nucleus (Fig. 4A). However, the majority of the STAT1-
eGFP protein remained in the cytoplasm of PRRSV-infected
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FIG. 4. Blockage of nuclear translocation of ISGF3 heterotrimers

in PRRSV-infected MARC-145 cells. (A) PRRSV inhibits nuclear trans-

location of STAT1-eGFP, as observed by confocal microscopy. Cells were transiently transfected with STAT1-eGFP plasmid and inoculated with
VR2385 4 h later. Cells were treated with IFN-a at 24 hpi and fixed 1 h later. (B) Phosphorylated STAT1 and STAT?2 in nuclear and cytoplasmic
fractions. Subcellular fractionation of the cells 1 h after IFN treatment and Western blotting was determined. The same blot was incubated with

antibodies against B-tubulin and histone H1 as controls for loading and
B. The band intensity of each fraction is shown as the relative percent
from the same treatment. Normalization for cytoplasmic and nuclear

fractionation. (C) Densitometry analysis of the digital image shown in panel
age of the sum density of corresponding cytoplasmic and nuclear fractions
fractions was done with tubulin and histone H1, respectively.
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vector are denoted by an asterisk, which indicates a P value of <0.05. (B) NSP1a and NSP1 have no effect on IFN-induced phosphorylation of
STAT1 in HEK293 cells. Cells were harvested for STAT1-Y701 detection 1 h after IFN treatment. (C) NSP1p inhibits nuclear translocation of
STAT1-eGFP in HeLa cells, as observed by confocal microscopy. Cells were transiently transfected with STAT1-eGFP and NSP1B-RFP plasmids.
At 24 h after transfection, the cells were treated with IFN-a at 300 U/ml for 1 h. (D) NSP1p inhibits STAT1 nuclear translocation. HEK293 cells
were transiently transfected with NSP13 plasmid or an empty vector and, 48 h after transfection, treated with IFN-« at 300 U/ml for 1 h. Subcellular
fractionation of the cells and Western blotting were conducted to detect phosphorylated STAT1 in nuclear and cytoplasmic fractions. The same
blot was incubated with antibodies against NSP13, B-tubulin, and histone H1 as controls for loading and fractionation. EV, empty vector; la,

NSPla; 1B, NSP1B.

cells after IFN-a treatment. This result indicated that VR2385
inhibits STAT1 nuclear translocation.

To confirm this observation, we conducted nuclear and cy-
toplasmic fractionation of the cells after IFN treatment. Anti-
bodies against STAT1-Y701 and STAT2-Y690 were used to
detect the presence of the phosphorylated proteins in the two
fractions. After IFN-a treatment of mock-infected cells, more
STATI1-Y701 and STAT2-Y690 were found in the nuclear than
in the cytoplasmic fraction (Fig. 4B), as expected. In contrast,
in PRRSV-infected cells after IFN stimulation, more STAT1-
Y701 and STAT2-Y690 were detected in the cytoplasmic than
in the nuclear fraction. The absence of B-tubulin in the nuclear
fraction and histone H1 in the cytoplasmic fraction verified a
successful subcellular fractionation. Densitometry analysis of
the digital images of the blotting results showed that 76% of
STATI1-Y701 and 78% of STAT2-Y690 were detected in the
nuclear fraction of mock-infected cells, while only 14% and
30% of the two proteins, respectively, were detected in the
nuclear fraction of VR2385-infected cells (Fig. 4C). The re-
maining portions of the phosphorylated proteins remained in
the cytoplasmic fractions. The fractionation result was consis-
tent with the observation from confocal microscopy and indi-

cated that PRRSV infection strongly blocks nuclear transloca-
tion of the ISGF3 (STAT1/STAT2/IRF9) complex.

NSP1@3 inhibits the IFN-induced expression of ISGs by
blocking nuclear translocation of STATI1. Since VR2385 in-
hibits type I IFN signaling, we wished to determine which
PRRSV protein is responsible for the effect. NSPla and
NSP1p were selected for the analysis, as recent studies indicate
their roles in the IFN pathway (3, 6). To determine if NSP1la
or NSP1B of VR2385 can inhibit IFN signaling, we cloned
NSPla and NSP1B into a pCMVTag2B vector, separately, and
transfected HEK293 cells. The expression of ISG15 and ISG56
in HEK293 cells 12 h after IFN-a stimulation was determined
by real-time PCR. Results showed that the cells with NSP13
expression had 4- and 7-fold-lower ISG15 and ISG56 transcript
levels, respectively, than cells transfected with an empty vector
(Fig. 5A). The levels of ISG15 and ISG56 transcripts in the
cells with NSP1a expression were similar to those in the cells
transfected with an empty vector. These results indicate that
NSP1B inhibited ISG expression in the cells.

To determine the mechanism of the NSP1B inhibition of
IFN signaling, we analyzed the phosphorylation of STAT1 and
STAT2. After IFN-a stimulation, the HEK293 cells with
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NSPla or NSP1B expression had levels of STAT1-Y701 and
STAT2-Y690 similar to those in cells transfected with an
empty vector (Fig. 5B), which indicated that neither protein
has an effect on IFN-activated phosphorylation of STATI.

Since NSP1p does not affect the IFN-stimulated phosphory-
lation of STAT1, we speculated that it might interfere with
STAT1 nuclear translocation, as with VR2385 in MARC-145
cells. To test this speculation, we transfected HeLa cells with
STAT1-eGFP and NSP1B-RFP plasmids. Hela cells were
used in this experiment, as they attach to cover glass better
than HEK293 cells. At 24 h after transfection, the cells were
treated with IFN-a for 1 h and observed under confocal mi-
croscopy. In cells expressing both STAT1-eGFP and NSP1pB-
RFP, the majority of STAT1 remained in the cytoplasm (Fig.
5C), indicating that NSP1p inhibits STAT1 nuclear transloca-
tion.

To confirm this observation, we conducted subcellular frac-
tionation of HEK293 cells to determine the distribution of
phosphorylated STAT1. In HEK293 cells with NSP1@ expres-
sion, the majority of STAT1-Y701 remained in the cytoplasm
1 h after IFN stimulation, while cells transfected with the
empty vector had the majority of STAT1-Y701 in the nucleus
(Fig. 5D). NSP1B was detected in both cytoplasmic and nu-
clear fractions. These results indicate that NSP1p blocks the
IFN-stimulated nuclear translocation of ISGF3.

In PAMs, VR2385 interferes with IFN-« signaling similarly
to that observed in MARC-145 cells. Since PAMs are the
major targets for PRRSV infection in pigs, PRRSV infection
of PAMs was conducted for greater physiological relevance to
the viral infection in its natural host. We tested whether
VR2385 has a negative effect on IFN signaling in PAMs, as
observed in MARC-145 cells. Primary PAMs were infected
with VR2385 at an MOI of 0.05 for 15 h and then treated with
IFN-a for 8 h. Quantitative RT-PCR showed that the IFN
treatment of mock-infected cells increased transcript levels of
ISG15 and IFIS6 (the porcine gene equivalent to ISG56) 223-
and 637-fold, respectively (Fig. 6A). Upon IFN-a stimulation,
the VR2385-infected PAMs had significantly lower levels (5.1-
and 4.6-fold, respectively) of ISG15 and IFIS6 transcripts than
did mock-infected cells. We concluded that PRRSV VR2385
interferes with the expression of IFN-induced genes in PAMs
after IFN-a stimulation.

The STAT?2 protein level in the PAMs after PRRSV infec-
tion and IFN treatment was also assessed. Similarly to the
results with MARC-145 cells, the STAT2 protein level in
mock-infected PAMs after IFN-« stimulation increased signif-
icantly (Fig. 6B). The STAT2 protein in VR2385-infected
PAMs after IFN treatment remained at the basal level, similar
to that of VR2385-infected cells without addition of IFN. This
result indicated that VR2385 blocks the IFN-induced STAT2
elevation in PAMs. VR2385 infection had no detectable effect
on the basal level of STAT2 in PAMs without external IFN.

To assess the activation of the JAK/STAT signaling pathway
in PAMs after IFN treatment, we detected phosphorylated
STAT1 and STAT2. The levels of STAT1-Y701 and STAT2-
Y690 in PAMs with VR2385 infection were similar to those in
mock-infected PAMs (Fig. 6C). This result suggests that
VR2385 does not alter the phosphorylation of either STAT1 or
STAT?2 in PAMs receiving IFN treatment.
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FIG. 6. VR2385 interferes with IFN signaling in PAMs. (A) Real-
time RT-PCR detection of ISG15 and IFI56 from PAMs 8 h after
IFN-a treatment in the presence or absence of VR2385 infection.
Significant differences between the two IFN-treated groups are de-
noted by an asterisk, which indicates a P value of <0.05. (B) Western
blotting of STAT2 from PAMs 8 h after IFN-a treatment in the
presence or absence of VR2385 infection. (C) Western blotting with
the antibodies against phosphorylated STAT1 and STAT2 from PAMs
1 h after IFN-a treatment in the presence or absence of VR2385
infection.

Effect of the low-virulence PRRSV vaccine strain on type I
IFN signaling. Ingelvac PRRS MLV is a licensed low-virulence
vaccine strain. We speculated that MLV had a lower inhibitory
effect on IFN signaling than the virulent VR2385 strain. PAMs
were infected with MLV and then treated with IFN-« as de-
scribed above for the VR2385 experiment. The transcript lev-
els of ISG15 and IFI56 in the MLV-infected PAMs receiving
IFN treatment increased 50- and 234-fold, respectively (Fig.
7A), which were slightly lower than, but had no significant
difference from, those in mock-infected PAMs after IFN stim-
ulation. Interestingly, the MLV infection of PAMs receiving no
external IFN resulted in increases in ISG15 and IFIS6 tran-
scripts of 49- and 211-fold, respectively, which were similar to
levels in MLV-infected PAMs receiving external IFN stimula-
tion. This result indicates that MLV had no effect on IFN
signaling in PAMs.

The viral yields of MLV and VR2385 in the PAMs were also
determined by real-time RT-PCR to ensure viral infection of
the cells. MLV and VR2385 had viral genomic RNA copy
numbers of 6 and 7 log,,/ml, respectively, in cell culture su-
pernatant, which suggested that VR2385 had higher viral rep-
lication than MLV. This result was consistent with the ISG
expression data, which showed high-level ISG15 and IFI56
transcripts in MLV-infected PAMs. The ISG expression might
correlate with antiviral responses and result in reduction of
MLV replication.

To determine the effect of MLV on IFN-activated STAT2
expression, we detected STAT2 protein levels by Western blot-
ting. Similarly to results for mock-infected cells receiving IFN
treatment, the MLV-infected PAMs receiving IFN treatment
had an increased level of STAT2 protein (Fig. 7B). A sample
of VR2385-infected PAMs was included as a control and had
a low STAT?2 level. It is interesting to note that the addition of
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FIG. 7. Effect of PRRSV MLV on IFN signaling in PAMs. (A) Real-time RT-PCR detection of ISG15 and IFI56 from PAMs 8 h after IFN-«
treatment in the presence or absence of PRRSV infection. Significant differences in the transcript levels between the IFN-treated groups and the
nontreated groups are denoted by a single asterisk and a double asterisk, which indicate P values of <0.05 and <0.01, respectively. (B) Western
blotting of STAT2 in PAMs 8 h after IFN-«a treatment in the presence or absence of PRRSV infection. Samples of mock-treated PAMs were
included as controls. VR, VR2385. (C) Real-time RT-PCR detection of CXCL10 transcript in PAMs 8 h after IFN-a treatment in the presence
or absence of PRRSV infection. Significant differences between VR2385-infected and mock-infected cells are denoted by an asterisk, which
indicates a P value of <0.05. (D) Real-time RT-PCR detection of CCL2, MX1, OAS2, and RNase L transcripts in PAMs 8 h after IFN-« treatment
in the presence or absence of PRRSV infection. Significant differences between virus-infected and mock-infected cells are denoted by a single
asterisk and a double asterisk, which indicate P values of <0.05 and <0.01, respectively. (E) Real-time RT-PCR detection of ISG56 from HEK293
cells transfected with MLV NSP1la and NSP18 plasmids or empty vector pCMVTag2B. At 48 h after the transfection, the cells were treated with
IFN-a at 300 U/ml for 12 h. No significant difference in ISG56 transcript level between the samples was detected.

the external IFN to MLV-infected PAMs did not lead to a
change in the STAT?2 protein level. This result was consistent
with the real-time PCR data showing increased transcript lev-
els of ISG15 and IFI56 in the MLV-infected PAMs without the
addition of IFN. These results indicated that MLV infection
activates IFN signaling in PAMs in the absence of external IFN
and that the addition of IFN has no additional effect on the
expression of IFN-induced genes in MLV-infected PAMs.

To further examine the difference in IFN signaling between
PAMs receiving MLV and those receiving VR2385, we deter-
mined transcript levels of IFN-induced chemokine ligand 10
(CXCL10/IP10) (35), chemokine ligand 2 (CCL2, also known
as monocyte chemotactic protein 1 [MCP-1]) (30), and three
antiviral genes: the myxovirus (influenza virus) resistance 1

(MX1) (11), 2'-5'-oligoadenylate synthetase 2 (OAS2) (42),
and RNase L (4) genes. Results showed that, after IFN stim-
ulation, PAMs with VR2385 infection had a significant 5-fold
decrease in CXCLI10 expression compared to the level in
mock-infected cells, while cells with MLV infection had a level
of CXCL10 similar to that in mock-infected cells (Fig. 7C).
The transcript levels of CCL2, MX1, OAS2, and RNase L in
PAMs in the presence of VR2385 infection were 3.9-, 7.3-, 2.4-,
and 3.4-fold lower, respectively, than those in mock-infected
cells (Fig. 7D). MLV-infected PAMs had levels of these tran-
scripts similar to those in mock-infected cells. These results are
consistent with our data described above, indicating that the
virulent strain VR2385 can evade IFN-activated antiviral re-
sponses.
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As VR2385 NSP1@ inhibits IFN signaling, we wondered
whether MLV NSP1B has any effect. NSPla and NSP1B of
MLV were cloned into the pCMVTag2B vector, and expres-
sion of these two proteins from the recombinant plasmids was
confirmed by Western blotting. HEK293 cells were transfected
with the recombinant plasmids and treated with IFN-a. The
transcript level of ISG56 in the cells expressing either NSP1la
or NSP1B of MLV was similar to that in the cells transfected
with empty vector (Fig. 7E). This result indicated that MLV
NSPla and NSP1B had no effect on IFN signaling and was
consistent with the data described above, showing that MLV
infection of PAMs has no effect on IFN signaling.

DISCUSSION

Dual infection of pigs with PRRSV and porcine respiratory
coronavirus (PRCV) or swine influenza virus (SIV) causes
more severe respiratory disease and growth retardation than
PRRSYV infection alone (38). Both PRCV and SIV infections
can induce a high level of bioactive IFN-a (37). How can
PRRSYV, which is sensitive to pretreatment with IFNs, repli-
cate in pigs coinfected with PRCV or SIV? Our study provides
a clue that PRRSV can interfere with type I IFN signaling. We
found that PRRSV interferes with IFN-a signaling in MARC-
145 cells and PAMs via blocking nuclear translocation of the
ISGF3 heterotrimers.

To determine the mechanism of the PRRSV interference of
IFN signaling, several experiments were conducted to analyze
the JAK/STAT signaling pathway. First, the IFN-induced
phosphorylation status of STAT1 and STAT2 was analyzed.
We found that PRRSV does not affect the IFN-induced phos-
phorylation status of STAT1 or STAT2. After IFN treatment,
both STAT1 and STAT?2 undergo phosphorylation, form het-
erotrimers with IRF9, translocate to the nucleus, and then
undertake dephosphorylation before being redistributed back
to the cytoplasm (2, 32). The dephosphorylation rate of STAT2
in MARC-145 cells was lower than that of STAT1, as shown in
Fig. 2B.

Second, ISGF3 heterotrimers were assessed by IP and West-
ern blotting. We concluded that PRRSV infection does not
alter the ISGF3 heterotrimer formation in MARC-145 cells
receiving IFN treatment. As shown in Fig. 3, the band in the
lane for PRRSV-infected cells receiving IFN stimulation was
weaker than that for mock-infected cells after IFN treatment.
This may indicate that there were more proteins in the latter
cell lysate than in the former. This assay was designed to show
the presence of the ISGF3 complex but not to serve as a
quantitative assessment. We were unable to identify IRF9 in
the IP pellets perhaps because IRF9 is a 48-kDa protein, which
is located very close to the heavy-chain immunoglobulin G
band in our Western blot analysis, possibly masking the view of
weak bands nearby. However, our data provide further evi-
dence that VR2385 replication interferes with ISGF3 nuclear
translocation.

Lastly, ISGF3 heterotrimer nuclear translocation was ana-
lyzed. We found that VR2385 infection blocks nuclear trans-
location of ISGF3 heterotrimers. The nuclear translocation of
STATI1-eGFP after IFN treatment was blocked in VR2385-
infected cells. The results of our subcellular fractionation assay
suggest that interference of ISGF3 nuclear translocation leads
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to inhibition of IFN-a signaling in PRRSV-infected cells. The
data in Fig. 4 showed a small portion of phosphorylated
STAT1 and STAT?2 present in the nuclei of VR2385-infected
cells, which is consistent with the small-scale elevation of
ISG15 and ISGS56 transcripts in the cells after IFN-a stimula-
tion.

To identify which of the PRRSV proteins is responsible for
blocking the ISGF3 nuclear translocation, we cloned NSPla
and NSP1B and expressed them in HeLa and HEK293 cells.
Results from confocal microscopy and the subcellular fraction-
ation assay clearly showed that NSP1B blocks STAT1 nuclear
translocation, which is consistent with a recent publication (6)
showing that overexpression of NSP1B in HEK293T cells
blocks STAT1-GFP nuclear translocation. It was also shown in
the previousstudy that NSP1@ inhibits IFN-activated phosphory-
lation of STATI. In contrast, our results demonstrated that
NSP1B8 does not affect IFN-induced phosphorylation of
STAT1 and STAT2, which is consistent with our data that
PRRSV infection of MARC-145 cells and PAMs does not
affect the IFN-activated phosphorylation of these two proteins.
This discrepancy might be caused by the different virus strains
and IFN subtypes used but still needs further investigation.
The exact mechanism of NSP1 inhibition of STAT1 nuclear
translocation is being studied.

After finding that PRRSV infection of MARC-145 cells in-
terfered with IFN-a signaling, we showed that VR2385 inhib-
ited IFN signaling in primary PAMs. PAMs are key sentinel
cells in the respiratory system and the primary target cells for
PRRSV infection in vivo. Our finding that VR2385 inhibited
type I IFN signaling in PAMs has physiological relevance to
PRRSYV infection of pigs.

We further investigated PRRSV interference of IFN signal-
ing in PAMs. IFN treatment of MLV-infected PAMs does not
affect the expression of ISG15 and IFI56 transcripts or STAT2
protein. Possible reasons are that MLV has no effect on IFN
signaling or that the cells were less responsive to an external
IFN due to priming from MLV-induced endogenous IFN. An-
other interesting observation was that, in the absence of exter-
nal IFN addition, the transcript levels of ISG15 and IFI56 and
the level of STAT2 protein in the MLV-infected PAMs in-
creased significantly in comparison with those in mock-infected
cells. We postulate that (i) MLV has no interference in type I
IFN production or (ii) MLV does not inhibit the positive
feedback loop for induction of IFN. Our results are more
consistent with the latter speculation, since a slight increase in
ISG expression was detected in VR2385-infected cells. The
MLV-mediated upregulation of IFN-stimulated genes is con-
sistent with the low-virulence nature of this strain. Real-time
PCR data further demonstrated that VR2385 inhibited the
expression of IFN-inducible genes in PAMs, including
CXCL10, CCL2, MX1, OAS2, and RNase L, while MLV-
infected PAMs had levels similar to those in mock-infected
cells. Reduction of expression of the chemokines and antiviral
genes in VR2385-infected cells is consistent with the virulent
nature of this strain. The NSP1p proteins of these two PRRSV
strains function differently. MLV NSP18 has no effect on IFN
signaling, while VR2385 NSP1 inhibits IFN-activated antivi-
ral responses.

The viral interference of type I IFN signaling can be bene-
ficial for viral replication and serves as an important mecha-
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nism for the virus to evade the host innate immune response.
Severe acute respiratory syndrome (SARS) coronavirus, which
belongs to the same order (Nidovirales) as PRRSV, infects
macrophages and interferes with the host innate immune re-
sponse. Both the ORF3b and ORF6 proteins of SARS virus
inhibit the synthesis and signaling of type I IFNs (14), while the
ORF6 protein alone blocks STAT1 nuclear translocation via
sequestration of nuclear import factor karyoperin a2 (KPNA2)
(9). We transfected HeLLa and HEK293 cells with NSP1B and
the FLAG-tagged KPNA1, KPNA2, KPNA3, or KPNA4 plas-
mid. No change in the nuclear localization of the KPNAs was
observed, and no interaction between NSP1B and any of the
KPNAs was detected. It seems that PRRSV employs a differ-
ent mechanism to block the ISGF3 nuclear translocation. It is
known that viruses use multiple independent mechanisms to
inhibit the IFN response. For example, paramyxovirus V pro-
teins bind to STAT2 and block ISGF3 nuclear accumulation
(27,29), Ebola virus VP24 binds to a nuclear localization signal
receptor for phosphorylated STAT1 and blocks STAT1 nu-
clear accumulation (28), and rotavirus antagonizes the IFN
response by inhibiting nuclear translocation of STAT1 and
STAT?2 (10).

In summary, PRRSV VR2385 inhibits IFN-«a signaling in
MARC-145 cells and primary PAMs by interfering with ISGF3
nuclear translocation. MLV infection of PAMs can activate
IFN signaling without the addition of external IFN. The vari-
able effect on IFN induction might be a factor contributing to
the different levels of viral pathogenesis between the two
PRRSV strains and have a biological relevance in PRRS vac-
cine design or improvement.
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