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Viruses have evolved a multitude of strategies to subvert the innate immune system by interfering with
components of the alpha/beta interferon (IFN-«/) induction and signaling pathway. It is well established that
the pestiviruses prevent IFN-o/f induction in their primary target cells, such as epitheloidal and endothelial
cells, macrophages, and conventional dendritic cells, a phenotype mediated by the viral protein N°*. Central
players in the IFN-a/f3 induction cascade are interferon regulatory factor 3 (IRF3) and IRF7. Recently, it was
proposed that classical swine fever virus (CSFV), the porcine pestivirus, induced the loss of IRF3 by inhibiting
the transcription of IRF3 mRNA. In the present study, we show that endogenous IRF3 and IRF3 expressed
from a cytomegalovirus (CMV) promoter are depleted in the presence of CSFV by means of N*"°, while CSFV
does not inhibit CMV promoter-driven protein expression. We also demonstrate that CSFV does not reduce the
transcriptional activity of the IRF3 promoter and does not affect the stability of IRF3 mRNA. In fact, CSFV
NP induces proteasomal degradation of IRF3, as demonstrated by proteasome inhibition studies. Further-
more, NP coprecipitates with IRF3, suggesting that the proteasomal degradation of IRF3 is induced by a
direct or indirect interaction with N*". Finally, we show that NP** does not downregulate IRF7 expression.

Alpha/beta interferon (IFN-o/B) represents one of the first
lines of defense of the innate immune system and is produced
rapidly when viral factors are recognized by pattern recogni-
tion receptors (41, 49). Viruses have evolved a multitude of
strategies to subvert the IFN-«/B system (for selected reviews,
see references 25, 27, 29, and 79). It is well established that the
pestiviruses enhance the replication of other viruses by sup-
pressing IFN-«/B induction (4, 9, 14, 21, 23, 30, 34, 36, 44, 46,
61, 63, 66, 74). The interference of pestiviruses with the IFN
system is apparently restricted to the IFN-a/f induction path-
way. There is good evidence that they do not counteract IFN-
o/B signaling in the cell systems studied (4, 65). A unique
feature of the pestiviruses compared with the other genera of
the family Flaviviridae is the presence of the NP* gene at the
5" end of the single large open reading frame. For the two
pestiviruses classical swine fever virus (CSFV) and bovine viral
diarrhea virus (BVDV), NP is dispensable for virus replica-
tion in cell culture (23, 45, 75). CSFV lacking NP*® (ANP™
CSFV) replicates with comparable efficiency in cells devoid of
a functional IFN-o/B induction system but is impaired in IFN-
competent cells (63) and attenuated in animals (51). In fact,
pestiviruses in which NP™ was deleted have lost the capacity to
suppress double-stranded RNA (dsRNA)- and virus-induced
IFN production, and they induce IFN-«/B in porcine cell lines,
macrophages, and monocyte-derived dendritic cells (DC) (8,
23, 63). Recent data demonstrated that the NP protein of
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pestiviruses functions as an antagonist of IFN-«/B induction
independently of other viral elements (30, 34, 46, 61).
Central players of the signaling cascade leading to IFN-o/B
induction are interferon regulatory factor 3 (IRF3) and IRF7
(41, 42, 55). After virus infection of a cell, pattern recognition
receptors recognize viral elements, such as dsRNA, single-
stranded RNA, DNA, or viral glycoproteins, depending on the
virus (for selected reviews, see references 41 and 49). For
pestiviruses, there is evidence that dsRNA from secondary
structures and from replicative forms of the viral RNA repre-
sents a trigger for IFN-o/B induction in primary target cells (8).
Typically, infected cells sense viral dsSRNA via Toll-like recep-
tor 3 (50, 67) and/or via the helicases RIG-I and MDA-5 (1, 17,
38, 40, 80). Recently however, it was shown that RIG-I can
sense uncapped viral single-stranded RNA bearing a 5’
triphosphate (33, 57). All these signals result in phosphoryla-
tion of IRF3 via the two IkB kinase (IKK)-related kinases
IKKe and TANK-binding kinase 1 (22, 41, 52, 69). The phos-
phorylated IRF3 then dimerizes and translocates to the nu-
cleus, where it associates with transcriptional coactivators and
binds to the DNA elements of the IFN-a/f promoters to up-
regulate IFN-a/B mRNA transcription (31, 72). For CSFV, La
Rocca and coworkers demonstrated that the virus did not
provide a signal for nuclear translocation of IRF3 but in fact
induced the loss of IRF3 prior to translocation to the nucleus
(46). Expression of NP™ was sufficient to downregulate IRF3
expression. It was suggested that the loss of IRF3 was due to
the inhibition of transcription of the IRF3 gene (46). For
BVDYV, it was shown that the virus inhibits dsSRNA-mediated
IFN-o/B induction by preventing the activated IRF3 from
binding to DNA (4). Very recently, Hilton et al. demonstrated
that this mechanism is mediated by NP™ and that NP™ of
BVDV targets IRF3 for proteasomal degradation (30).
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In the present study, we demonstrate that CSFV does not
inhibit the transcription of IRF3, contrary to the observations
of La Rocca et al. mentioned above. Furthermore, IRF3
mRNA remains continuously present in CSFV-infected cells
that have lost the IRF3 protein concomitant with NP™ expres-
sion. Also, CSFV does not inhibit the phosphorylation and
translocation of IRF3. Pull-down experiments showed that
NP interacts directly or indirectly with IRF3. Importantly, in
the presence of the proteasome inhibitor MG132, CSFV does
not induce the loss of IRF3, demonstrating that CSFV induces
the degradation of IRF3 via a proteasome-dependent mecha-
nism. IRF7 expression, however, is not affected by the presence
of NPT,

MATERIALS AND METHODS

Cells. The porcine kidney cell lines SK-6 (39) and PK-15 (ATCC, Manassas,
VA) were propagated in Earl’s minimal essential medium containing 7% horse
serum and in Dulbecco’s modified Eagle medium supplemented with nonessen-
tial amino acids, 1 mM Na-pyruvate and 5% horse serum (Gibco-BRL), respec-
tively. HEK 293T cells were cultured in Earl’s minimal essential medium sup-
plemented with 7% fetal bovine serum (Biochrom AG, Switzerland). Porcine DC
were differentiated from peripheral blood mononuclear cell (PBMC)-derived
monocytes isolated from specific-pathogen-free pigs by incubation in the pres-
ence of porcine interleukin-4 and granulocyte/monocyte colony-stimulating fac-
tor as described elsewhere (13). The clonal cell lines PK15-EGFP-NP™ and
PK15-EGFP, constitutively expressing the enhanced green fluorescent protein
(EGFP)-NP™ fusion protein or EGFP alone, were previously described (61).

Viruses. CSFV vA187-1 and vA187-ANP™ (ANP™ CSFV) were rescued by
electroporation of SK-6 cells with RNA transcribed in vitro from the plasmid
c¢DNA clones pA187-1 (62) and pA187-ANP™ (63), respectively, as previously
described (53). All the virus titers were determined on SK-6 cells by standard
endpoint dilution and were expressed as 50% tissue culture infectious doses
(TCIDs)/ml. The multiplicity of infection (MOI) used with SK-6 and PK-15 cells
was calculated from the titer obtained on the respective cell line. Titration on DC
was not performed, and the MOI was calculated based on the SK-6 titer.

Plasmids. Plasmid pEGFP-IRF3 was constructed for cytomegalovirus (CMV)
promoter-driven expression of EGFP fused to the amino terminus of porcine
IRF3. For this purpose, the coding sequence of the porcine IRF3 mRNA was
amplified from total RNA extracted from porcine PBMCs using standard reverse
transcription (RT)-PCR and primers designed from the published sequence with
GenBank accession number AB116563. The 5" and 3’ halves of the IRF3-coding
sequence were amplified and cloned separately using the TOPO TA cloning
system (Invitrogen). DNA sequencing was performed with the Thermo Seque-
nase DYEnamic direct cycle sequencing kit (GE Healthcare) and the Global IR*
Sequencer with e-Seq software (LI-COR). For the N-terminal fusion of EGFP
with IRF3, the IRF3 gene was cloned downstream of the EGFP gene and of a
Gly-Gly-Ser-Gly-Gly-Ser linker in the pEGFP-N1 expression vector (Clontech).
Plasmid pEGFP-IRF3 was also used for the construction of a phosphomimetic
mutant of IRF3 that lacked the nuclear export signal (NES). The phosphomi-
metic mutations were introduced into IRF3 by changing the serine residues at
positions 394 and 396 to aspartic acid, in analogy to a phosphomimetic mutant
described for human IRF3 (47). In addition, the NES was knocked out in the
phosphomimetic IRF3 by mutating the serine at position 139; the leucine resi-
dues at positions 140, 143, 144, and 149; the methionine at position 147; and the
aspartic acid at position 148 to alanine residues, based on mutants described by
Yoneyama and coworkers (81). Finally, the EGFP gene and the linker were
replaced by the FLAG tag in both the mutant construct and pEGFP-IRF3,
resulting in pFLAG-IRF3-S;4,4 39sD-ANES and pFLAG-IRF3, respectively. The
plasmid pIRF3 expressing untagged porcine IRF3 was obtained by deleting the
FLAG tag from plasmid pFLAG-IRF3. The coding sequence of the porcine
IRF7 gene was amplified from total RNA extracted from porcine PBMCs using
standard RT-PCR and rapid amplification of cDNA ends techniques. Overlap-
ping ¢cDNA fragments were amplified using internal oligonucleotide primers
designed from the consensus nucleotide sequence of human, mouse, and rat
IRF7 mRNA (GenBank accession numbers AF076494, NM_016850, and
NM_001033691). The PCR fragments were cloned and sequenced as de-
scribed above. Plasmid pFLAG-IRF7 for CMV-driven IRF7 expression was
constructed in analogy to pFLAG-IRF3 by replacing the EGFP gene in the
pEGFP-N1 backbone with the FLAG tag sequence fused upstream of the
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IRF7 sequence. The details of the constructions can be obtained on request.
Plasmid pIRF3(—779)Luc carrying the full-length human IRF3 promoter
upstream of the firefly luciferase reporter gene (48) was a kind gift of Paula
Pitha-Rowe (Johns Hopkins University School of Medicine, Baltimore, MD).
Plasmid pFLAG-NP™ was constructed by inserting the FLAG tag coding
sequence upstream of the NP™ gene derived from pA187-1 (62) in the pCI
expression vector (Promega). The pEAK-NP™ construct for eukaryotic ex-
pression of NP™ was described earlier (61).

Antibodies. The viral NP™ protein was detected using the rabbit anti-NP™
serum previously described (61). The antisera against the porcine IRF3 and
against the C protein of CSFV vA187-1 were produced in rabbits by using
recombinant proteins expressed in Escherichia coli M15 with the pQE31 vector
(QIAGEN) and purified by nickel chelate affinity chromatography as previously
described for NP™ (61). The monoclonal antibody (MAb) 34/1 used for the
detection of the unphosphorylated and phosphorylated doublet of IRF3 was
produced from hybridoma cells derived from Sp2/0-Agl4 myeloma cells and
spleen cells of BALB/c mice (Japan SLC) immunized with recombinant porcine
IRF3. For this purpose, the porcine IRF3 gene was cloned into the expression
vector pET-32b (Novagen) and the protein was expressed in E. coli BL21(DE3).
The recombinant IRF3 was solubilized with urea lysis solution, purified with the
HisTrap HP Kit (GE Healthcare), and dialyzed against phosphate-buffered sa-
line (PBS). The immunoglobulin G1 isotype of MAb 34/1 was identified with
mouse monoclonal antibody isotyping reagents (Sigma). EGFP was detected in
Western blots with MAb JL-8 (Clontech) and FLAG-tagged proteins with anti-
FLAG M2 MAD (Sigma). The MAb HC/TC26 directed against the viral envelope
protein E2 (26) was a kind gift of Irene Greiser-Wilke (Hannover Veterinary
School, Hannover, Germany). Alexa Fluor 680 goat anti-mouse and goat anti-
rabbit immunoglobulin G were obtained from Molecular Probes Inc.

Plasmid transfection and reporter gene assay. For transient protein expres-
sion, cells were transfected with eukaryotic expression plasmids by electropora-
tion with a Gene Pulser device (Bio-Rad). Briefly, the cells were washed twice
with PBS and resuspended in ice-cold PBS at a density of 2 X 107 cells/ml.
Electroporation was carried out in 0.2-cm-gap cuvettes containing 0.4 ml of cell
suspension mixed with 5 pg of DNA. The cell-DNA mixture was pulsed twice at
200 V and 500 pF. The cells were then transferred into cell culture vessels at an
appropriate density and incubated in complete growth medium. Alternatively,
cells were transfected with FUGENE 6 transfection reagent (Roche) according to
the manufacturer’s protocol using a 6-to-1 (vol/wt) FuGENE 6-to-DNA ratio.
For the reporter gene assays, PK-15 cells were seeded in a 24-well plate at a
densitiy of 1.5 X 10° cells/well and infected with the respective CSFV at an MOI
of 2 TCIDj5/cell or mock treated. After 24 h of incubation at 37°C, the cells were
transfected with FuGENE 6 with a mixture of 1 pg of reporter plasmid
pIRF3(—=779)Luc and 20 ng of plasmid phRL-SV40 for internal normalization.
Extraction and quantification of firefly and Renilla luciferases were performed
using the Dual Luciferase Reporter assay system (Promega) and a Lumat LB
9507 luminometer with two automated injectors (Berthold Technologies).

Immunoprecipitation. Protein coimmunoprecipitation was performed essen-
tially as described by Rottenberg and coworkers (60). Cells were lysed for 20 min
on ice with a hypotonic buffer (20 mM Tris-HCI, pH 7.5, 75 mM NacCl, 2.5 mM
MgCl,, 0.1% Nonidet P40) containing 5 pl/ml protease inhibitor cocktail (Sigma)
and 10 pl/ml phosphatase inhibitor (Sigma). The lysate was cleared by centrif-
ugation and incubated for 2 h at 4°C with 20 wl anti-FLAG M2-agarose (Sigma)
in Tris-buffered saline (20 mM Tris-HCI, 75 mM NaCl, pH 7.6). The agarose was
then washed three times with Tris-buffered saline, and the protein complexes
were eluted from the beads with an equal volume of 2X sample buffer (125 mM
Tris-HCI, pH 6.8, 20% glycerol, 1% bromophenol blue, 4% sodium dodecyl
sulfate [SDS]) and analyzed by SDS-polyacrylamide gel electrophoresis (PAGE)
and Western blotting.

Isolation of total cellular RNA. Total RNA was extracted from cells using the
NucleoSpin RNA II extraction kit (Macherey-Nagel). Typically, monolayers of
10° cells were lysed according to the manufacturer’s protocol, including the
DNase digestion step. The purified RNA was eluted with 60 pl RNase-free
water. Prior to RT-PCR, an additional DNase digestion was performed. For this
purpose, 1 ug of RNA was treated with 1 unit of DNase I (Fermentas) for 30 min
at 37°C prior to heat inactivation of the DNase I at 65°C for 10 min in the
presence of 2.5 mM EDTA.

Quantitative real-time RT-PCR for porcine IRF3 mRNA. Oligonucleotides for
the quantification of porcine IRF3 mRNA by TaqgMan real-time RT-PCR were
designed based on the porcine IRF3 coding sequence described above using
Primer Express version 1.5 software (Applied Biosystems). The sense primer
porcIRF3-F (5'-GCCCACCTGGAAGAGGAATT-3') and the antisense primer
porcIRF3-R (5'-CCTCTGCTAAACGCAATGCTT-3’) were used in combina-
tion with the 5" 6-carboxyfluorescein/3’ 6-carboxytetramethylrhodamine-labeled
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FIG. 1. CSFV infection induces loss of CMV-driven IRF3, a mechanism dependent on the presence of N!
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pEGFP-IRF3 (A) or with pEGFP-N1 (B). Twenty-four hours after transfection, the cells were mock treated or infected with CSFV or ANP™ CSFV
at an MOI of 0.2 TCIDsy/cell. On the indicated days p.i., the cells were lysed and extracts were analyzed for EGFP-IRF3 (A) and EGFP
(B) expression by Western blotting with the anti-EGFP MAb JL-8. (C) IRF3 expression was analyzed in the clonal PK15-EGFP (lanes 1 and 2)
and PK15-EGFP-NP™ (lanes 3 and 4) cell lines. Cells were infected with CSFV at an MOI of 2 TCID;/cell (lanes 1 and 3) or mock treated (lanes
2 and 4). Twenty-four hours p.i., cell extracts were analyzed for IRF3, EGFP-NP™, and NP™ expression by Western blotting using the rabbit
anti-IRF3 and anti-NP™ sera, respectively. The IRF3 protein in the PK15-EGFP extract (lane 2) is indicated with an arrowhead. (D) Endogenous
IRF3 was analyzed in DC after mock, CSFV, and ANP™ CSFV infection. After 4 days of differentiation, DC were transferred into chamber slides
and mock infected or infected with CSFV or ANP™ CSFV at an MOI of 20 TCIDs/cell (based on the virus titer on SK-6 cells). Confocal microscopy
was performed 48 h p.i. For this purpose, the cells were fixed and stained for the viral proteins E2 and NP™ with MAb HC/TC26 and with the rabbit
anti-NP™ serum, respectively, and for IRF3 with the rabbit anti-IRF3 serum as indicated.

probe porcIRF3-P (5'-CCGGTCTGCCCTGAACCGGAA-3'). The two-step
RT-PCR was performed as previously described (61). The individual samples
were normalized to each other using the respective cycle threshold (C;) value
obtained for GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNA
(61). The relative IRF3 mRNA content was calculated by subtracting the mean
C value obtained for the RT-PCR from the mean C; value of the “no-RT”
control PCR (residual DNA).

Confocal microscopy. Cells were seeded and infected in eight-well LabTek II
culture slides (Becton Dickinson). Prior to being immunostained, the cultures
were washed with PBS and fixed with 4% (wt/vol) paraformaldehyde for 10 min.
The cells were washed again and incubated for 1 h at room temperature with the
respective antibody diluted in PBS-0.3% (wt/vol) saponin (Sigma). Between
treatments, the cells were washed with PBS containing 0.1% (wt/vol) saponin.
The IRF3 signal was amplified with a biotin-conjugated anti-rabbit antibody and
the TSA amplification kit (Molecular Probes) according to the manufacturer’s
protocol. Detection was performed with Alexa fluorochrome-labeled secondary
antibodies or streptavidin (Molecular Probes). The image was acquired with a
Leica TCS-SL spectral confocal microscope and Leica LCS software.

Western blotting. Cells were lysed with a hypotonic buffer (20 mM morpho-
linepropanesulfonic acid, 10 mM NaCl, 1.5 mM MgCl,, 1% Triton X-100, pH
6.5). Proteins were separated by SDS-PAGE under reducing conditions and
analyzed by Western blotting using the Odyssey Infrared Imaging system (LI-
COR) as previously described (61).

Nucleotide sequence accession number. The consensus coding sequence of
porcine IRF7 was deposited in GenBank under accession number EF195267.

RESULTS

CSFV NP induces loss of IRF3 expressed from a CMV
promoter. It was recently reported that IRF3 is lost from
CSFV-infected cells and that this loss is related to an inhibition
of transcription of the IRF3 gene by the viral NP™ protein (46).
Here, we show that CSFV induces the depletion of EGFP-
IRF3 expressed from a CMV promoter (Fig. 1A), although
expression from this promoter is not affected by CSFV, as
demonstrated with the expression of EGFP (Fig. 1B). To this
end, we transfected PK-15 cells with plasmids for CMV pro-
moter-driven expression of the EGFP-IRF3 fusion protein or
of EGFP alone and subsequently mock infected the cells or
infected them with either CSFV or ANP™ CSFV. Whereas the
EGFP expression levels were not influenced by the infection
(Fig. 1B), the amount of EGFP-IRF3 was clearly reduced in
cells infected with CSFV compared to those infected with
ANP™ CSFV (Fig. 1A). To verify whether the loss of IRF3 is
dependent on the presence of NP™ alone, we analyzed IRF3
expression in a stable clonal cell line constitutively expressing
NP fused to EGFP. In the control PK15-EGFP cell line
expressing EGFP alone, IRF3 was present as expected (Fig.
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1C, lane 2) and was lost after infection with CSFV (Fig. 1C,
lane 1). Note that the rabbit anti-IRF3 serum detected two
nonspecific bands above and below IRF3. The IRF3 protein,
however, could not be detected in the PK15-EGFP-NP™ cell
line expressing the 46-kDa EGFP-NP™ fusion protein, whether
the cells were infected or not (Fig. 1C, lanes 3 and 4). This
demonstrates that NP™ alone can mediate the loss of IRF3 and
suggests that this process does not require an activation signal
for IRF3. In order to exclude the possibility that the IRF3
downregulation by CSFV was a cell line-specific observation,
we also analyzed the effect of CSFV on endogenous IRF3
expression in porcine DC. IRF3 expression was strongly re-
duced in the presence of CSFV (Fig. 1D). In contrast, infection
of DC with ANP™ CSFV did not affect IRF3 expression but
rather induced nuclear translocation of IRF3 in a small per-
centage of infected cells (Fig. 1D). These data show that CSFV
induces loss of IRF3 by means of NP™ in a porcine cell line and
in porcine DC and that the downregulation of IRF3 by NP™ is
independent of the promoter from which IRF3 is expressed.

NP does not inhibit IRF3 promoter activity. In view of the
above-mentioned results, it was considered important to ana-
lyze whether NP™® inhibits IRF3 promoter activity. For this
purpose, we performed an IRF3 promoter-dependent lucifer-
ase reporter assay in CSFV-, ANP™ CSFV-, and mock-infected
PK-15 cells. To this end, we used the reporter plasmid
PIRF3(—779)Luc for the expression of firefly luciferase under
the control of the human IRF3 promoter (48). Each individual
transfection was normalized using a plasmid constitutively ex-
pressing Renilla luciferase under the control of a simian virus
40 (SV40) promoter. The normalized IRF3 promoter activity
was lowest in mock-infected cells (Fig. 2A). In CSFV- and
ANP™ CSFV-infected cells, the activity was slightly increased.
The differences in luciferase expression between mock, CSFV-,
and ANP™ CSFV-infected cells were not significant (P >
0.113). However, when we analyzed the raw data for the IRF3-
and the SV40 promoter-driven luciferase expression sepa-
rately, considerable variations were observed that were depen-
dent on the presence of virus and on the time postinfection
(p-i.) but independent of the presence of NP*°. Both CSFV and
ANP™ CSFV reduced the expression of firefly and Renilla lu-
ciferases at 24 h p.i. and induced their expression after 48 h
(data not shown). Whether this was due to reduced transfec-
tion efficiency or to a downstream effect of the virus was not
further investigated. Parallel Western blot analysis of protein
extracts confirmed the expression of NP™ in CSFV-infected
cells (Fig. 2B). SV40 promoter-normalized IRF3 promoter
activity was also assayed in the presence of NP™ expression in
HEK 293T cells. No significant reduction of the IRF3 pro-
moter activity was observed, confirming the data obtained with
CSFV in PK-15 cells (data not shown). These experiments
demonstrated that NP™ does not specifically influence IRF3
promoter activity.

NPT does not destabilize IRF3 mRNA. Since NP™ did not
affect the transcriptional activity of the IRF3 promoter, we
asked whether NP would destabilize IRF3 mRNA. To inves-
tigate this, we measured IRF3 mRNA by real-time RT-PCR in
RNA extracts from either mock-, CSFV-, or ANP™ CSFV-
infected PK-15 cells. At any time between 4 and 24 h p.i., the
IRF3 mRNA content in CSFV-infected cells was higher than
or equal to the IRF3 mRNA levels detected in cells infected
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FIG. 2. NP™ does not inhibit transcription of IRF3. (A) PK-15 cells
were transfected with a plasmid encoding firefly luciferase under the
control of the human IRF3 promoter and a second plasmid expressing
Renilla luciferase under the SV40 promoter. Twenty-four hours after
transfection, the cells were mock treated or infected with CSFV or
ANP™ CSFV. Cells were lysed 24 and 48 h p.i. and analyzed for the
relative firefly and Renilla luciferase activities using the dual-luciferase
assay system. The normalized relative induction is represented as a
percentage of the promoter activity of mock-infected cells (mock =
100%). The error bars represent the standard deviations. (B) In par-
allel, protein extracts were analyzed for the presence of NP'® by West-
ern blotting using the rabbit anti-NP™ serum.

with ANP™ CSFV and mock-infected cells (Fig. 3A). Interest-
ingly, in CSFV-infected cells, the endogenous IRF3 protein
disappeared 8 h p.i. when NP'® became detectable, despite the
fact that the levels of IRF3 mRNA increased (Fig. 3A and C).
In mock- and ANP™ CSFV-infected cells, the IRF3 protein was
not affected throughout the experiment (Fig. 3B and D).
Taken together, the IRF3 promoter reporter assay (Fig. 2A)
and the quantitative IRF3 mRNA analysis (Fig. 3) demon-
strated that NP™ regulates the IRF3 protein turnover rather
than mRNA transcription and/or stability.

NP does not interfere with the phosphorylation of IRF3 or
with the nuclear translocation of a constitutively active form of
IRF3. Phosphorylation of IRF3 at distinct amino acid positions
represents an activation signal for its dimerization and nuclear
translocation, as well as for its proteasomal degradation (47,
68). Consequently, it was of interest to investigate the influence
of NP™ on the general IRF3 phosphorylation and on translo-
cation to the nucleus. For this purpose, we used a monoclonal
antibody capable of detecting a doublet of the unphosphoryl-
ated and phosphorylated forms of IRF3 independently of the
sites of phosphorylation. As expected from the results shown in
Fig. 1 and 3, endogenous IRF3 was barely detectable in CSFV-
infected PK-15 cells (Fig. 4A, third lane from left), whereas a
single band representing the unphosphorylated form of IRF3
was present in the lysate of mock-infected cells (Fig. 4A, first
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FIG. 3. NP does not destabilize IRF3 mRNA. (A) The IRF3
mRNA contents of PK-15 cells at different times after mock treatment
or infection with either CSFV or ANP* CSFV were measured by real-
time RT-PCR. The amount of IRF3 mRNA is shown as C7 (o rT) —
Cr (r1-pCR)> With error bars representing the 95% confidence interval.
In parallel with the RNA extraction, cells were lysed at the indicated
times, and the IRF3 and NP* proteins were analyzed by Western
blotting in mock- (B), CSFV- (C), and ANP™ CSFV-infected (D) cells
using the rabbit anti-IRF3 and anti-NP™ sera.

lane on left). In the presence of the proteasome inhibitor
MG132, however, the IRF3 doublet was detected in both the
mock- and the CSFV-infected cells (Fig. 4A, second and fourth
lanes), indicating that CSFV cannot prevent IRF3 phosphory-
lation and that it targets IRF3 for proteasomal degradation. In
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FIG. 4. NP* does not prevent IRF3 phosphorylation or nuclear
translocation of a constitutively active form of IRF3. (A) PK-15 cells
were treated with 0.2 wM of the proteasome inhibitor MG132 (+) or
left untreated (—) and infected with CSFV or ANP™ CSFV at an MOI
of 0.2 TCIDs/cell or mock treated as indicated. Sixteen hours p.i., the
cells were lysed and analyzed by Western blotting for endogenous
IRF3 using MAD 34/1 and for the viral proteins NP* and capsid C
using the respective rabbit antisera as described in Materials and
Methods. (B) PK-15 cells were mock treated or infected with CSFV or
ANP™ CSFV at an MOI of 2 TCID5/cell and transfected with pFLAG-
IRF3 (top row) or pFLAG-IRF3-S;, 30sD-ANES (IRF3*; bottom
row). Sixteen hours after transfection, the cells were fixed and stained
for the viral E2 protein and for the FLAG tag of IRF3 as indicated and
analyzed by confocal microscopy.

PK-15 cells infected with ANP™ CSFV, the phosphorylated
form of IRF3 was detected as a faint band in the untreated
cells and as a stronger band in the MG132-treated cells. This is
consistent with the fact that ANP* CSFV induces IFN-«/B, as
opposed to CSFV. To analyze whether CSFV interferes with
the nuclear translocation of a constitutively active IRF3, we
constructed the plasmid pFLAG-IRF3-S;,, 30,D-ANES for the
expression of a phosphomimetic form of IRF3 carrying in
addition a deletion of the NES to prevent IRF3 from shuttling
back to the cytoplasm. The localization of IRF3 was then
analyzed by confocal microscopy in mock-infected PK-15 cells
and cells infected with CSFV or ANP™ CSFV and transfected
with the plasmids expressing the respective FLAG-tagged au-
thentic or mutant form of IRF3. With FLAG-IRF3, no nuclear
translocation was detectable in mock- and CSFV-infected cells,
whereas ANP™ CSFV induced translocation as expected, show-
ing that ANP™ CSFV activates IRF3 in contrast to the parent
CSFV (Fig. 4B, top row). The constitutively active IRF3 accu-
mulated in the nucleus with comparable efficiencies in mock-,
CSFV-, and ANP™ CSFV-infected cells (Fig. 4B, bottom row).
These results indicate that NP™ does not inhibit the general
phosphorylation of IRF3 and suggest that, at least for a con-
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FIG. 5. IRF3 and NP™ interact with each other. HEK 293T cells
were transfected with plasmids pFLAG-IRF3 and pEAK-NP™ for the
expression of FLAG-tagged IRF3 and untagged NP™ (A) or with
pPFLAG-NP™ and pIRF3 for the expression of FLAG-tagged NP™ and
untagged IRF3 (B), either individually or mixed at a 1:1 ratio. The
presence and absence of the expression plasmid are indicated by + and
—, respectively. Twenty-four hours after transfection, the cells were
lysed and the proteins were immunoprecipitated with anti-FLAG M2
agarose. The precipitated proteins were eluted from the agarose, sep-
arated by SDS-PAGE, and analyzed by Western blotting (WB) with
rabbit anti-NP™ serum, anti-IRF3 MAD 34/1, and anti-FLAG MADb as
indicated.

stitutively active form of IRF3, NP™ does not interfere with
nuclear translocation.

NP interacts with IRF3. The observation that the CSFV-
mediated IRF3 protein degradation is linked to the presence
of NP* (Fig. 1, 3, and 4) pointed to a putative interaction of
NP with IRF3. To address this question, HEK 293T cells were

>

- MG132

CSFV

-—_“—-—'_

ANP™® CSFV

0 2 4 6 8 10 24 32
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cotransfected with plasmids expressing FLAG-tagged IRF3
and untagged NP™ (Fig. 5A) or FLAG-tagged NP™ and un-
tagged IRF3 (Fig. 5B) and analyzed for protein interaction by
coimmunoprecipitation with anti-FLAG agarose. NP was de-
tected in Western blots after immunoprecipitation of FLAG-
IRF3 from lysates containing both FLAG-IRF3 and NP, but
not from cells expressing NP alone (Fig. SA, first and third
lanes). Conversely, IRF3 was detected in Western blots after
immunoprecipitation of FLAG-NP™ from cells expressing
FLAG-NP™ and IRF3, but not from cells expressing IRF3
alone (Fig. 5B, first and third lanes). However, NP™ pulled
down only a small fraction of IRF3, and untagged IRF3 was
nonspecifically precipitated in trace amounts with the FLAG
agarose (Fig. 5B, third lane from left). Although NP did not
pull down IRF3 with the same efficiency and specificity as IRF3
precipitated NP™, these data show that NP™ interacts with
IRF3 either directly or indirectly.

NP* induces degradation of IRF3 via the proteasome path-
way. We have shown above that NP™ had no effect on IRF3
mRNA synthesis and turnover (Fig. 2 and 3). In addition, we
observed that the proteasome inhibitor MG132 had a preven-
tive effect on the loss of IRF3 in CSFV-infected cells (Fig. 4A).
On the other hand, NP™ is a protease and therefore might
directly cleave IRF3 by frans activity and thus contribute to its
degradation. Therefore, we analyzed how the proteasome in-
hibitor MG132 influenced the relationship between NP™ ex-
pression and cellular IRF3 content. For this purpose, we de-
termined the temporal IRF3 content in CFSV-infected PK-15
cells in the absence or presence of the proteasome inhibitor
MG132. As seen previously (Fig. 3C), the appearance of the
viral NP™ protein approximately 8 h p.i. with CSFV was con-
comitant with the decrease of the IRF3 content in the cell (Fig.
6A, top). Inhibition of the proteasome activity with MG132
completely prevented the CSFV-dependent degradation of
IRF3 (Fig. 6B, top). In cells infected with ANP™ CSFV (Fig.
6A and B, bottom), the treatment with proteasome inhibitor
had no influence on the cellular IRF3 content (Fig. 6B, bot-
tom). These data indicate that NP does not directly cleave
IRF3 but indeed induces proteasome-dependent degradation
of IRF3. Taken together, our data demonstrate that NP™ does
not interfere with the synthesis or with the phosphorylation of

Npro

0 2 4 6 8 10 24 32 hours p.i.

FIG. 6. NP induces proteasomal degradation of IRF3. PK-15 cells were infected with CSFV (top) or with ANP™ CSFV (bottom) at an MOI
of 0.2 TCIDs/cell in the absence (A) or in the presence (B) of 0.2 pM proteasome inhibitor MG132. At the indicated times p.i., the cells were
lysed and the NP and IRF3 contents were analyzed by Western blotting using the rabbit anti-NP™ and anti-IRF3 sera, respectively.
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FIG. 7. CSFV NP™ does not downregulate IRF7 expression. PK-15
cells were transfected with plasmid pFLAG-IRF7 (A) or pFLAG-
IRF3 (B) for CMV promoter-driven expression of FLAG-tagged IRF7
or FLAG-tagged IRF3, respectively. Twenty-four hours after transfec-
tion, the cells were mock treated or infected with CSFV or ANP™
CSFV at an MOI of 2 TCIDsg/cell. On the indicated days p.i., cells
were lysed and extracts were analyzed for IRF7 (A) and IRF3 (B) ex-
pression by Western blotting using the rabbit anti-FLAG MADb.
(C) The IRF7- and IRF3-specific signals from the Western blots shown
in panels A and B were quantified with the Odyssey Imaging system
and expressed as percentages of the strongest signal.

IRF3 but actively induces proteasome-mediated depletion of
IRF3 by interacting with IRF3 either directly or via adaptor
proteins.

CSFV does not downregulate IRF7 expression. In certain
cell types, IFN-o/p induction is essentially IRF7 dependent
(32). Therefore, we analyzed the effect of CSFV on IRF7
expression. The CMV promoter-driven IRF7 expression levels
over time were similar in mock-, CSFV-, and ANP™ CSFV-
infected cells (Fig. 7A and C), while IRF3 levels decreased
faster in CSFV-infected cells than in mock- or ANP™ CSFV-
infected cells (Fig. 7B and C). These data indicate that NP™
does not downregulate IRF7 expression, as opposed to IRF3
expression.

DISCUSSION

Pestiviruses subvert the innate immune system by suppress-
ing IFN-a/B induction (4, 9, 63, 66). This property is mediated
by the viral protein NP independently of other viral elements
(23, 30, 34, 46, 61). A recent study revealed that the inhibition
of IFN-a/B induction by CSFV is due to an NP™-dependent
loss of IRF3 (46). These authors proposed that the loss of
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IRF3 was due to an inhibition of IRF3 transcription. In the
present study, we demonstrated that CSFV does not affect the
transcriptional activity of the IRF3 promoter but rather in-
duces IRF3 degradation by a proteasome-dependent mecha-
nism. The degradation of IRF3 is mediated by NP* alone, in
accordance with our previous data on the NP*-mediated pre-
vention of IFN-a/B induction (61) and with the very recent
results obtained for BVDV by Hilton and coworkers (30). The
reason for the discrepancy with the data of La Rocca et al.
showing inhibition of IRF3 transcription (46) could result from
the different experimental setup used for the analysis of the
IRF3 promoter activity. In the latter report, the effects of
CSFV and mock infection on IRF3 promoter-driven luciferase
activity were analyzed using a single reporter plasmid (46).
Using the same cell line and the same reporter plasmid for
IRF3 promoter activity (46, 48), we performed a dual-lucif-
erase reporter assay, including an internal control plasmid
driving the expression of Renilla luciferase under the control of
an SV40 promoter (phRL-SV40). We have previously used this
plasmid in reporter assays to eliminate variations between in-
dividual transfections and nonspecific effects due to foreign
protein expression and viral infection (61). In addition, the
comparison of CSFV with ANP™ CSFV infections permitted us
to account for virus-mediated NP"°-independent effects on the
IRF3 promoter. Although the nonnormalized data of the two
reporter plasmids indicated a slight reduction of transcription
in the presence of CSFV (data not shown), the comparison
with ANP™ CSFV and the normalization with SV40-mediated
transcription demonstrated that NP™ had no specific effect on
the IRF3 promoter activity. We further confirmed our reporter
assay data by showing that CSFV-infected cells had a higher
IRF3 mRNA content than uninfected cells. These data clearly
show that neither the transcriptional activity of the IRF3 pro-
moter nor IRF3 mRNA stability is influenced by NP*. For
BVDYV also, IRF3 mRNA levels remained stable during infec-
tion (30). We did not investigate the influence of NP™ on IRF3
translation, considering that any inhibition of translation is
likely to result in a general shutdown of host protein synthesis,
which is not observed with CSFV infections.

Viruses have evolved many different strategies to counteract
the IFN system. Virtually all components of the IFN system
are targeted by the multitude of IFN-antagonistic proteins that
have been described (for recent reviews, see references 18, 27,
29, and 79). One of these components is IRF3, which can be
targeted by viruses at the levels of activation and phosphory-
lation (7, 10, 12, 43, 58, 70), dimerization (37, 56), nuclear
translocation (19, 28), and downstream IRF3 functions (4, 71).
There are only a few reports of viruses that target IRF3 for
proteasomal degradation. Besides the very recent data with
BVDV (30), targeting of IRF3 to the proteasome was reported
for Sendai virus (47) and for rotavirus (6), for which degrada-
tion of IRF3 is mediated by nonstructural protein 1 (NSP1).
NSP1 possesses an IRF3 binding domain. Sequence compari-
son of NP™ and rotavirus NSP1 did not reveal any similarity.
The induction of proteasomal degradation of components
of the IFN system by viruses has been extensively described
for the signal transducer and activator of transcription
(STAT) proteins. Simian virus 5 targets STAT1, human para-
influenza virus 2 targets STAT2, and mumps virus targets both
STAT1 and STAT3 to the proteasome pathway (reviewed in
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reference 35). For all these viruses, the V protein mediates the
assembly of a ubiquitin ligase complex involving the target and
nontarget STATSs, the 127-kDa subunit of the UV-damaged
DNA-binding protein (DDB1), Cullin 4a, and the regulator of
cullins 1 (Rocl) (2, 20, 59, 76, 77, 78). Whether NP associates
with IRF3 to a ubiquitin ligase complex is under investigation.
Alternatively, NP*® might mimic another component of the
ubiquitin-conjugating machinery. However, using an anti-ubig-
uitin antibody, we were not able to pull down ubiquitinated
NP, whereas ubiquitin-conjugated IRF3 could be precipitated
as a control (data not shown). This indicates that NP does not
carry ubiquitin and is therefore unlikely to serve functions
similar to those of the E1 and E2 protein family (for selected
reviews, see references 24 and 54). Attempts to pull down
ubiquitinated IRF3 in the presence of NP™ failed, probably
due to the rapid elimination of IRF3 by NP™. In a very recent
report, Saitoh and coworkers demonstrated that IRF3 is neg-
atively regulated by interaction with peptidylprolyl isomerase
Pinl (64). Here also, amino acid comparison did not reveal any
similarity with NP™. It is unknown whether this mechanism is
of any significance for NP"°-dependent IRF3 degradation. Nev-
ertheless, the involvement of the proteasome pathway in NP™-
mediated IRF3 degradation is consistent with the observation
that the protease activity of NP™ is not required for the inhi-
bition of IFN-o/B induction (23).

The finding that IRF3 can be phosphorylated in the pres-
ence of NP™ suggests that the upstream kinase complex induc-
ing IRF3 phosphorylation is not affected by NP*°. At the same
time, CSFV does not inhibit the nuclear translocation of con-
stitutively active IRF3, an observation that is consistent with
previous reports showing that both BVDV and CSFV do not
interfere with IRF3 translocation to the nucleus (3, 4, 30, 46).
Interestingly, it was shown for BVDV that the nuclear IRF3 is
resistant to degradation and that NP™ prevents IRF3 from
binding to DNA (4, 30). Due to the rapid elimination of IRF3
after CSFV infection, we did not investigate whether CSFV
NP™ prevents the binding of IRF3 to DNA. Future work will
focus on the detailed characterization of the mechanisms em-
ployed by NP to induce IRF3 degradation by the proteasome
system.

The inhibition of IFN-o/B induction by CSFV in epitheloidal
cell lines, endothelial cells, macrophages, and conventional DC
is in apparent contradiction to the in vivo observation showing
strong IFN-a activity in sera of animals suffering from CSF
(73). A similar apparent discrepancy between inhibition and
induction of IFN-o/B has been described for BVDV (15, 16).
In fact, whereas pestiviruses inhibit IFN-o/f induction in most
cells, there are specialized cell populations that respond to a
pestivirus infection with high IFN-a production (5, 11). For
CSFV, Balmelli and coworkers identified these cells as natural
interferon producing cells (NIPC), also known as plasmacytoid
DC (5). In these cells, we were not able to identify an IFN-o/
B-antagonistic effect of NP™ (unpublished data), which is in
agreement with our results indicating that IRF7 is not down-
regulated by CSFV, considering the fact that in mouse NIPC,
viruses use an IRF3-independent, IRF7-dependent IFN-a in-
duction pathway (32). In light of CSFV pathogenesis, the dif-
ferential modulation of IFN-o/f induction by CSFV let us
postulate the following model. At the early stages of viral entry
into the host, CSFV counteracts IFN-o/B induction by deplet-

J. VIROL.

ing IRF3 in the primary target cells through proteasomal deg-
radation. This allows the virus to establish a productive infec-
tion at initial sites of replication and to spread within the host.
Once the virus enters the circulation and colonizes lymphoid
tissue, it will infect NIPC, resulting in IRF7-dependent over-
production of IFN-a and other cytokines, mediating the im-
munopathological effects typical of CSF (73).
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