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Viruses are detected by different classes of pattern recognition receptors that lead to the activation of
interferon regulatory factors (IRF) and consequently to the induction of alpha/beta interferon (IFN-o/f3). In
turn, efficient viral strategies to escape the type I IFN-induced antiviral mechanisms have evolved. Previous

pro

studies established that pestivirus N

antagonizes the early innate immune response by targeting the

transcription factor IRF3 for proteasomal degradation. Here, we report that NP of classical swine fever virus
(CSFYV) interacts also with IRF7, another mediator of type I IFN induction. We demonstrate that the Zn-
binding domain of NP is essential for the interaction of NP with IRF7. For IRF3 and IRF7, the DNA-binding
domain, the central region, and most of the regulatory domain are required for the interaction with NP,
Importantly, the induction of IRF7-dependent type I IFN responses in plasmacytoid dendritic cells (pDC) is
reduced after wild-type CSFV infection compared with infection with virus mutants unable to interact with
IRF7. This is associated with lower levels of IRF7 in pDC. Consequently, wild-type but not NP mutant
CSFV-infected pDC show reduced responses to other stimuli. Taken together, the results of this study show
that CSFV NP™ is capable of manipulating the function of IRF7 in pDC and provides the virus with an

additional strategy to circumvent the innate defense

Innate immune activation following viral infection is depen-
dent on recognition by pattern recognition receptors (PRRs)
and on the production of alpha/beta interferon (IFN-o/B) (32,
38). Toll-like receptors (TLR) and the cytosolic RIG-I and
MDAS recognize viral RNA (11, 31, 58) and respond by acti-
vating a signaling network that culminates in the induction of
type I IFN and establishes an antiviral state (22). The central
players of this signaling cascade are interferon regulatory fac-
tor 3 (IRF3) and IRF7. They are essential to modulate the
activity of the innate immune response (45, 55) but have dis-
tinct roles in the induction of IFN-stimulated genes. As a result
of the signaling initiated by the cytoplasmic PRRs, IRF3 is
phosphorylated by the kinases IKKe and TANK-binding kinase
1, dimerizes, and translocates to the nucleus, where it eventu-
ally upregulates transcription of IFN-a/8 mRNA (13, 50).
TLR7, TLRS, and TLR9 trigger the induction of IFN-«
through the adaptor molecule MyD88, which forms a complex
with IRF7 in pDC (33). IRF7 is in turn phosphorylated by
interleukin-1 (IL-1) receptor-associated kinase (IRAK)-1 and
translocates to the nucleus (56). IRF3 is expressed mainly
constitutively and appears to be an important element in the
early phase of the IFN-o/f induction. In contrast, IRF7 is a
protein with a short half-life that is usually expressed at low
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levels, but it is highly inducible by type I IFN (20) and hence is
expressed in larger amounts in the later phase of the type I IFN
induction (19, 36, 45). However, in mice, constitutive expres-
sion of IRF7 in plasmacytoid dendritic cells (pDC) enables
them to render fast and efficient IFN-o/B responses (24). Fur-
thermore, pDC are the only cell type described to produce type
I IFN in IRF3 knockout mice (24).

During evolution, viruses have acquired numerous mecha-
nisms to evade or subvert key elements of the host viral re-
sponse (15, 19, 21, 57). For pestiviruses, it is known that they
counteract the IFN-o/f induction by mediating the protea-
somal degradation of IRF3 in their primary target cells, such as
myeloid DC and endothelial and epithelial cells, allowing the
virus to establish a productive infection (6, 9, 23, 48). The viral
protein responsible for this function is NP™, encoded at the N
terminus of the single open reading frame of the positive-sense
RNA genome. NP™ harbors an autoprotease domain in the
N-terminal half of the protein, resulting in cotranslational re-
lease of NP™ from the nascent polyprotein. In the C-terminal
half of NP™, a metal-binding TRASH motif consisting of C, ,-
X21-C34-X3-C, 55 mediates the coordination of one zinc (Zn)
atom per molecule (53). This domain is essential for NP™ to
interact with IRF3 and to mediate the degradation of IRF3 by
the proteasome.

In the present study, we identified IRF7 as a novel interac-
tion partner of NP™°. We show that NP'® modulates the IRF7
turnover, limiting the IFN-a induction in pDC, which is of
functional relevance for pathogenesis.

MATERIALS AND METHODS

Cells. The porcine kidney cell lines SK-6 (30) and PK-15 (ATCC) were prop-
agated in Earle’s minimal essential medium (EMEM) with 7% horse serum and
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in Dulbecco’s minimal essential medium (DMEM) supplemented with 5% horse
serum, nonessential amino acids, and 1 mM Na pyruvate. HEK293T cells
(ATCC) were cultured in EMEM supplemented with 10% fetal bovine serum
(Biochrom AG). Peripheral blood mononuclear cells (PBMC) were obtained
from blood of specific-pathogen-free pigs using Ficoll-Paque density centrifuga-
tion (1.077 g/liter; Amersham Pharmacia Biotech). pDC were enriched as de-
scribed previously (18) by cell sorting of CD172a™ PBMC using the magnetic cell
sorting system (MACS) with LD columns (Miltenyi Biotec GmbH). This permits
a 10-fold enrichment of functional pDC to 2 to 5% (52). To obtain a purified
pDC preparation, PBMC were centrifuged over a 1.065-density iodixanol gradi-
ent (Optiprep; Nycomed Pharma) (47). Subsequently, the cells were depleted of
T cells using anti-CD3, followed by CD4 enrichment on LS columns (MACS).
This protocol yielded 60 to 80% pure pDC, identified as CD4Me" CD172ao™
17).

Viruses. The classical swine fever virus (CSFV) strains vA187-1 and vA187-
ANP™ (44) were derived from the respective full-length cDNA clones. The
vA187-1-derived viruses vA187-C,,R and vA187-D 34N (referred to as the
C;5R and D3N mutants, respectively) with single-amino-acid mutations in
NP were described previously (43). All virus titers were determined on SK-6
and PK-15 cells by standard endpoint dilution and were expressed as 50% tissue
culture infectious doses (TCIDs,) per ml. The avian influenza virus H5N1
NIBRG14, used for stimulation of pDC, was obtained from Jim Robertson
(National Institute for Biological Standards and Control, Hertfordshire, United
Kingdom).

Plasmid constructs. The plasmids pCI-Ub-Core, pFLAG-IRF3, and pFLAG-
IRF7 were described elsewhere (6, 42). For the mammalian two-hybrid assays
(Promega), plasmid pFN10A(ACT)-IRF3 expressing the porcine IRF3 fused to
the VP16 transactivator domain and pFN11A(BIND)-derived plasmids express-
ing GAL4-NP™ and the mutants GAL4-NP™(CyA), NP™(C;,R), NP™(C3,A),
NP(Dy34N), NP(C;35A), and NP™(C,4,A) were used; these are described
elsewhere (43, 53). Mutants with deletions in the IRF3 and IRF7 genes were
obtained by PCR-based site-directed mutagenesis using standard techniques.
Briefly, the mutants were constructed using the plasmids pIRF3 and pFLAG-
IRF7 (6). Mutagenesis was performed by PCR with appropriate oligonucleotides
(Microsynth) and AccuPrime Pfx DNA polymerase (Invitrogen). The integrity of
the mutagenized DNA fragments was verified by nucleotide sequencing using the
Thermo Sequenase DYEnamic direct cycle sequencing kit (GE Healthcare) and
the Global IR2 System with e-Seq software (Li-Cor Biosciences).

Antibodies. The rabbit polyclonal antisera against recombinant affinity-puri-
fied CSFV NP™ (42), CSFV C, and porcine IRF3 were described previously (6).
The viral nonstructural protein NS3 was detected using the monoclonal antibody
(MAD) C16 (16), kindly provided by Irene Greiser-Wilke, Hannover Veterinary
School, Hannover, Germany. The anti-FLAG M2 MADb and the anti-a-tubulin
MAD were purchased from Sigma. The antiserum against the porcine IRF7 was
produced in rabbits with a recombinant protein encompassing amino acids 122 to
487 of the porcine IRF7 expressed in Escherichia coli M15 with the pQE31 vector
(Qiagen) and purified by nickel chelate affinity chromatography as described
previously for NP™ (42). For pDC phenotyping and isolation, MAbs against the
following cell surface molecules were used: CD172a (MAb 74-22-15A), CD4
(MADb 74-12-4 and PT90A), and CD3 (MAb PPT3). Hybridomas for MAbs
74-22-15A and 74-12-4 were kindly donated by Armin Saalmiiller (Institute of
Immunology, Department of Pathobiology, University of Veterinary Medicine,
Vienna, Austria), and the hybridoma for MAb PTT3 was a gift from Karin
Haverson (University of Bristol, United Kingdom). MAb PT90A was purchased
from VMRD (Pullman, WA).

Immunoprecipitation. Coimmunoprecipitation was performed essentially as
described by Rottenberg et al (41). Briefly, cells were lysed for 20 min on ice with
a buffer containing 20 mM Tris (pH 7.4), 75 mM NacCl, 0.1% Triton X-100, and
2.5 mM MgCl,, supplemented with 5 pl/ml protease inhibitor cocktail (BD) and
10 pl/ml phosphatase inhibitor cocktail II (Sigma). After clarification by centrif-
ugation at 15000 X g for 10 min at 4°C, the lysates were incubated overnight at
4°C with 50 pl anti-FLAG M2 agarose (Sigma) in Tris-buffered saline (TBS) (20
mM Tris-HCl, 75 mM NaCl, pH 7.6). After incubation, the agarose was washed
three times with TBS and the protein complexes were eluted from the beads with
20 pl of 2X sample buffer (125 mM Tris-HCI, pH 6.8, 20% glycerol, 1% bro-
mphenol blue, 4% sodium dodecyl sulfate [SDS]). The eluted proteins were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blotting.

SDS-PAGE and Western blotting. Cells were lysed in a hypotonic buffer
containing 20 mM morpholinepropanesulfonic acid, 10 mM NaCl, 1.5 mM
MgCl,, 1% Triton X-100 (pH 6.5), and 1 pl/10° cells protease inhibitor cocktail
(Sigma). Proteins were separated by SDS-PAGE under reducing conditions and
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analyzed by Western blotting as previously described (43). The signal was ac-
quired using the Odyssey infrared imaging system (Li-Cor Biosciences).

FCM analysis. The detection of the viral NS3 protein and the porcine IRF3
and IRF7 by flow cytometry (FCM) was performed as described previously (6).
For staining of cell surface molecules, unfixed cells were incubated for 20 min on
ice with the respective primary and secondary antibodies diluted in Cellwash
(Becton Dickinson). For the detection of the intracellular antigens NS3, IRF3,
and IRF7, the cells were fixed and permeabilized with FIX&PERM solution (An
der Grub Bio Research GmbH) and stained with rabbit anti-NS3, anti-IRF3, and
anti-IRF7 polyclonal antibody. For detection by FCM, isotype-specific fluores-
cein isothiocyanate (FITC), R-phycoerythrin (RPE) (Southern Biotechnology
Associates), and RPE-Cy5 (Dako) conjugates were used as described previously
17).

Mammalian two-hybrid assay. Protein interactions were analyzed with the
CheckMate/Flexi Vector mammalian two-hybrid system (Promega) as described
before (43). Briefly, HEK293T cells were seeded at a density of 10° cells/well in
a 24-well plate. One day later, the cells were transfected with a mixture of the
pFN10A(ACT)-derived and pFN11A(BIND)-derived plasmids at a concentra-
tion of 100 ng/well each and the pGL4.31(luc2P/GAL4UAS/Hygro) reporter
plasmid (Promega) at 50 ng/well. The plasmids pACT-Myo and pBind-Id (Pro-
mega) were used as controls. The transfections were performed with FuGENE
6 transfection reagent (Roche) according to the manufacturer’s protocol. After
48 h of incubation at 37°C, the cells were lysed with passive lysis buffer (Pro-
mega). Firefly and Renilla luciferases were quantified using the dual luciferase
reporter assay system (Promega). The relative luminescence measured with
firefly luciferase induced from the reporter plasmid was normalized with the
corresponding relative luminescence obtained with Renilla luciferase constitu-
tively expressed from the pFN11A(BIND)-derived plasmid. The fold firefly lu-
ciferase induction was calculated relative to the normalized firefly luciferase
activity obtained with the empty vectors set to 1. The expression of the proteins
fused to VP16 and GAL4 was analyzed by SDS-PAGE and Western blotting as
described above.

Type I IFN detection. The bioactivity of porcine IFN-o/B in SK-6 cells was
assayed as described previously (42, 44) using the Mx/CAT reporter gene assay
developed for the quantification of bovine IFN-a/B (14) and kindly provided by
Martin D. Fray (Institute of Animal Health, Compton, Newbury, Berkshire,
United Kingdom). To this end, the culture supernatants were added to
MDBK-t2 cells at appropriate dilutions allowing measurement in the linear
range of the assay. Recombinant porcine IFN-a produced in HEK293-EBNA
cells (4) was used as standard. Chloramphenicol acetyltransferase (CAT) was
quantified using a CAT enzyme-linked immunosorbent assay (ELISA) (Roche).
For the detection of IFN-« in purified pDC, the cells were stimulated with CpG
2216 at 10 wg/ml or with avian influenza virus (AIV) strain HSN1 NIBRG-23 for
24 h. Secreted IFN-a was detected by ELISA using anti-pig IFN-a MAbs K9 and
F17 (kindly provided by Bernard Charley, INRA, Jouy-en-Josas, France) as
described previously (18).

RNA extraction and quantitative TagMan RT-PCR for porcine IRF3, IRF7,
and IFN-B. To determine mRNA levels in pDC, total RNA was prepared using
the RNeasy minikit (Qiagen, Hombrechtikon, Switzerland), followed by treat-
ment with RNase-free DNase I (Ambion, Huntingdon, United Kingdom). Re-
verse transcription-PCR (RT-PCR) was performed using the ABI PRISM 7700
sequence detector system (Applied Biosystems, Foster City, CA). The oligonu-
cleotides for the quantification of IRF7 and 18S mRNAs were designed based on
the coding sequence of the respective genes using Primer Express version 1.5
software (Applied Biosystems). The sense IRF7 primer 5'-CTGCGATGGCTG
GATGAA-3" and the antisense IRF7 primer 5'-TAAAGATGCGCGAGTCGG
A-3" were used in combination with the IRF7 probe 5'-CCGCGTGCCCTGGA
AGCACTT-3". The sense 18S primer 5'-CGCCGCTAGAGGTGAAATTC-3'
and the antisense 18S primer 5'-GGCAAATGCTTTCGCTCTG-3" were used
together with the 18S probe 5'-TGGACCGGCGCAAGACGGA-3'. The rela-
tive expression of each mRNA was determined with the AC; method by calcu-
lating the amount of target mRNA in relation to 18S mRNA. The data are
presented as the ratio of target mRNA to 18S mRNA.

RESULTS

NP interacts with IRF7. Pestivirus NP inhibits dsRNA-
mediated IFN-o/B induction by mediating the proteasomal
degradation of IRF3 (6, 9, 23). Although NP™ does not accel-
erate the degradation of IRF7 expressed exogenously (6), we
investigated whether NP™ interferes with the functions of IRF7
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FIG. 1. NP™ interacts with IRF7. The interaction of NP with IRF7
was analyzed using a mammalian two-hybrid assay (A) and by immu-
noprecipitation (B). (A) For the mammalian two-hybrid assay,
HEK293T cells were cotransfected with pFN10A(ACT)-derived plas-
mids expressing IRF7 or IRF3 fused to the VP16 transactivator (VP16-
IRF7 and VP16-IRF3, respectively) and with pFN11A(BIND)-derived
plasmids expressing the viral NP™ or the NP"°(C,;,R) mutant fused to
the GAL4 DNA-binding domain [GAL4-NP™ and GAL4-NP™°(C, ;,R),
respectively]. These constructs were transfected alone or in combina-
tion with increasing amounts of 1 ng, 25 ng, 100 ng, 250 ng, and 500 ng
(indicated with open triangles) of plasmids for CMV promoter-driven
expression of FLAG-IRF3 or of the C protein (core) of CSFV. The
presence and the absence of the plasmids are indicated with + and —,
respectively. The empty vectors pACT and pBIND served as negative
controls, whereas the VP16-Myo and GALA4-Id control proteins ex-
pressed from pFN10A(ACT) and pFN11A(BIND), respectively, were
used as positive controls. After 48 h of incubation, the cells were lysed
and the firefly luciferase activity was measured and normalized
with Renilla luciferase activity constitutively expressed by the
pFN11A(BIND)-plasmid. The results are shown as fold induction
compared to the negative control and represent the mean of triplicates
from a representative experiment, with error bars showing the stan-
dard deviation. In parallel, the VP16-IRF7, FLAG-IRF3, GAL4-NP™,

J. VIROL.

by other means. We used a mammalian two-hybrid assay to
analyze whether NP* can interact with IRF7, using IRF3 as a
control. As expected from previous experiments, coexpression
of NP™ fused to the GAL4 DNA-binding domain and of IRF3
fused to the VP16 activation domain resulted in strong induc-
tion of GAL4 promoter-driven luciferase expression compared
with that with the empty vectors (Fig. 1A). The C,,,R muta-
tion in NP™ completely abolished this interaction, as shown
before (43). In the same assay, coexpression of NP* with por-
cine IRF7 also produced a strong induction of luciferase ex-
pression, indicating an interaction of NP* with IRF7. Impor-
tantly, coexpression of increasing amounts of FLAG-IRF3
diminished the interaction of NP™ with IRF7 gradually, con-
firming the specificity of the interaction between NP and
IRF7. While an excess of IRF3 displaced IRF7, the cotitration
of the C protein of CSFV as a control had no influence on the
interaction of NP™ with IRF7 (Fig. 1A). To further confirm
these findings, HEK293T cells were cotransfected with plas-
mids expressing FLAG-IRF7 and untagged NP™ or with each
plasmid individually, and proteins were coimmunoprecipitated
with anti-FLAG agarose. NP™ was immunoprecipitated with
anti-FLAG from cell lysates containing both FLAG-IRF7 and
untagged NP* but not from cells expressing NP or FLAG-
IRF7 alone (Fig. 1B). Conversely, IRF7 was immunoprecipi-
tated with anti-FLAG from cell lysates containing both FLAG-
NP™ and untagged IRF7 but not when these proteins were
expressed alone (Fig. 1B). These experiments show that NP™
interacts with IRF7.

The Zn-binding domain of N is required for the interac-
tion with IRF7. A recent report described a novel Zn-binding
TRASH motif in NP™, involving the residues C, 5, C;34, D36,
and C, 3. Zn binding by NP™ is a prerequisite for the interac-
tion of NP* with IRF3, leading to the proteasomal degradation
of IRF3 and to the inhibition of type I IFN induction (53).
Considering the structural similarity of IRF3 and IRF7, we
asked whether NP™ also relays on the same Zn-binding domain
to interact with IRF7. To this end we analyzed the interaction
of TRASH domain mutants of NP™ with porcine IRF3 and
IRF7, using the mammalian two-hybrid assay. Coexpression of
GAL4-NP* and VP16-IRF3 or of GAL4-NP™ and VP16-IRF7
caused a strong induction of the GAL4 promoter-driven lucif-
erase compared to the negative control, as expected (Fig. 2).
The mutations C,,R, C;1,A, Ci54A, D 56N, and C,54A, which
disrupt the TRASH domain, resulting in proteins incapable of
coordinating Zn, completely abolished the interaction of NP™

core, and a-tubulin proteins from the cells used for luciferase quanti-
fication were analyzed by Western blotting and detection with rabbit
antisera against the porcine IRF7, the viral NP'°, and core and with
anti-FLAG and anti-a-tubulin MAbs. (B) For immunoprecipitation,
HEK293T cells were transfected with plasmids expressing FLAG-
tagged IRF7 and untagged NP™ together or individually (left panels)
or FLAG-tagged NP™ and untagged IRF7 together or individually
(right panels). At 24 h after transfection, the cells were lysed and the
FLAG-tagged proteins were immunoprecipitated (FLAG-IP) with
anti-FLAG M2 agarose. The precipitated proteins (IP) and the lysates
subjected to the immunoprecipitation (input) were analyzed by West-
ern blotting (WB) and detection using the anti-NP'™ rabbit antiserum,
the anti-FLAG MAD, and the anti-a-tubulin MAD as indicated.
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FIG. 2. The zinc-binding TRASH domain of NP™ is essential for the
interaction of NP* with IRF7. HEK293T cells were cotransfected with
pFN10A(ACT)-derived plasmids expressing VP16-IRF3 or VP16-IRF7
and with pFN11A(BIND)-derived plasmids for the expression of GALA-
NP or the indicated mutants thereof. The empty vectors pACT and
pBIND were used as negative controls, and the respective plasmids ex-
pressing VP16-Myo and GALA-Id served as positive controls. The pres-
ence and the absence of the plasmids are indicated with + and —, re-
spectively. The fold induction of firefly luciferase activity normalized to
Renilla luciferase activity was calculated relative to the negative control.
The error bars represent the standard deviation. The expression of VP16-
IRF7, VP16-IRF3, and GALA-NP™ was analyzed in parallel from the cells
used for luciferase quantification by Western blotting and detection with
rabbit antisera against the porcine IRF3 and IRF7 and the viral NP™,
respectively. The a-tubulin content was determined as loading control
using the anti-a-tubulin MADb.

with IRF7. Consistent with the results obtained earlier with
IRF3 (53), mutation of C,4, to alanine did not disrupt the
interaction with IRF7. In addition, the C,,A mutation within
the protease domain, which had no effect on the NP*°-mediated
IRF3 degradation (43), also did not abrogate the interaction of
NPT with IRF7. The expression of the VP16-IRF3 and VP16-
IRF7 chimeric proteins and of all the NP mutants was verified
by Western blotting (Fig. 2). These data indicate that the
Zn-binding domain but not the protease domain is required for
the interaction of NP™ with IRF7, similar to the case for IRF3.

For IRF3 and IRF7, the DNA-binding domain, the central
region, and most of the regulatory domain are required for the
interaction with NP™. There are several examples of viruses
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that inhibit type I IFN induction by antagonizing the function
of more than one IRF simultaneously (5, 7, 10, 27, 37). The
IRF family members share conserved features in their struc-
tural architecture and have inter- and intraspecies sequence
similarities (1, 5, 26, 49). In line with this, we asked whether
NP could recognize a common motif of the porcine IRF3 and
IRF7. For this purpose we used the domain prediction pro-
grams SMART (46) and InterProScan (39) to identify and map
conserved motifs in porcine IRF3 and IRF7 that may be in-
volved in the interaction with NP*°. We found that IRF3 and
IRF7 contain a highly conserved N-terminal DNA-binding do-
main and a variable C-terminal regulatory domain (Fig. 3A).
In order to investigate which of these domains are crucial for
the interaction with NP, we constructed deletion mutant
IRF3 and IRF7 lacking the DNA-binding domain or the reg-
ulatory domain, with or without the central region (Fig. 3B).
The expression of the chimeric proteins VP16-IRF3 and VP16-
IRF7 and of the different deletion mutants was confirmed by
Western blot analysis (Fig. 3C and D). The rabbit antisera
detected multiple bands. For each construct, the presence of
the VP16-IRF fusion protein with the expected molecular
weight (asterisks in Fig. 3C and D) was confirmed with the
anti-VP16 MAD (not shown). Lower levels of the truncated
proteins IRF3(195-419), IRF7(1-132), and IRF7(133-487)
than of the other proteins were detected. Transfection of
larger amounts of these three plasmids did not result in the
expression of more protein (data not shown), suggesting that
the truncated proteins were unstable. As expected, transfection
of HEK293T cells with the GAL4-NP™ and VP16-IRF3 chi-
meric proteins resulted in strong induction of the luciferase
gene, which was completely abolished by the C,;,R mutant
(Fig. 3E). Interestingly, the carboxy-terminal IRF3(1-114) de-
letion mutant and the amino-terminal IRF3(115-419) and
IRF3(195-419) deletion mutants did not interact with NP,
suggesting that the DNA-binding domain and the regulatory
domain alone are not sufficient for interaction with NP™. The
mutant IRF3(1-194), encompassing the DNA-binding domain
and the central region and lacking the regulatory domain,
showed a weak interaction that was slightly increased when
half of the regulatory domain was present in the IRF3(1-272)
construct. Similar results were obtained for the interaction of
NP with the different IRF7 deletion mutants. The IRF7(1-
268), mutant in which the DNA-binding domain and the cen-
tral region were maintained, resulted in weak interaction with
NP (Fig. 3F). When part of the regulatory domain in the
IRF7(1-336) construct was included, binding to NP™ was
nearly completely restored. The interactions of NP™ with the
truncated IRF3 and IRF7 were specific, since the C,;,R mu-
tant of NP™ completely abrogated the interaction. These data
indicate that nearly the complete structure of IRF3 and IRF7
rather than the DNA-binding and the regulatory domain
alones is required for the interaction with NP™.

NP can inhibit IRF7-driven IFN-a/3 responses in SK-6
cells. Having demonstrated that NP™ interacts with IRF7, we
asked whether this interaction enhances the degradation of
IRF7. Previous studies showed that NP** does not downregu-
late IRF7 expression (2, 6), in contrast to IRF3 (6, 9, 23, 48),
in permanent cell lines. To have an applicable cell system to
study the proteasomal degradation, we transfected SK-6 cells
with plasmids expressing FLAG-IRF7 under the control of the
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FIG. 4. NP™ does not induce proteasomal degradation of IRF7 in SK-6 cells. (A) SK-6 cells were seeded at a density of 10° cells/well and
transfected with the plasmid pFLAG-IRF7 at a concentration of 100 ng/well or mock transfected (no IRF). Twenty-four hours later, the cells were
mock treated or infected with CSFV vA187-1 or the C,,R mutant of vA187-1 at a multiplicity of infection (MOI) of 2 TCIDs/cell. After 48 h
of incubation, the supernatants were collected and IFN-a/ bioactivity was measured with the MxCAT assay. Statistically significant differences
(P < 0.05, calculated with Student’s ¢ test) are shown with an asterisk. (B) SK-6 cells were transfected with the plasmid pFLAG-IRF7 for CMV
promoter-driven expression of FLAG-tagged porcine IRF7 in the presence (+MG132) or absence (—MG132) of 0.2 wM proteasomal inhibitor
MG132. At 24 h after transfection, the cells were mock treated or infected with vA187-1 or the C,,,R mutant at an MOI of 2 TCIDs/cell. The
cells were lysed at 1, 6, 10, 24, 32, and 48 h p.i., and the extracts were analyzed for IRF7 expression using mouse anti-FLAG MAb and for a-tubulin
using anti-a-tubulin MAb.

cytomegalovirus (CMV) promoter. Subsequently, the cells vA187-1 or the C,,,R mutant virus. In conclusion, in SK-6 cells
were mock treated or infected with vA187-1 or the C,;,R there is no evidence of accelerated proteasomal degradation of
mutant, and IFN-«/B production was measured. Stimulation of IRF7 resulting from the interaction of NP™ with IRF7.

the cells by transfection with the IRF7-expressing plasmid re- The interaction of NP** with IRF7 results in reduced CSFV-
sulted in the production of high levels of type I IFN. Impor- induced IFN-a responses in pDC. pDC are considered to be
tantly, infection with the C,,,R mutant virus significantly en- the main source of the high serum levels of IFN-a found
hanced IFN-a expression in IRF7-transfected cells compared during the first 2 to 5 days after CSFV infection in vivo (29, 51),
with the vA187-1 virus-infected cells and mock-treated cells, and they are known to respond to viruses in an IRF3-indepen-
indicating an inhibitory effect of NP on IRF7-mediated type I dent, IRF7-dependent pathway (24). Therefore, we analyzed
IFN responses to viral stimuli. the induction of IFN-«a in enriched porcine pDC at different

In order to analyze the effect of NP*° on IRF7 turnover, we times after infection with wild-type CSFV or with CSFV car-
tested how the proteasome inhibitor MG132 influences the rying the D3N or the C;;,R mutation in NP, abolishing the
content of IRF7 in the presence of NP™. SK-6 cells were interaction of NP™ with IRF7. No IFN-a was observed in
transfected with a plasmid expressing FLAG-tagged IRF7 in mock-treated cells, whereas infection with wild-type CSFV re-
the presence or absence of MG132, followed by infection with sulted in the production of low levels of IFN-a found at 6 h,
vA187-1 or C,;,R mutant CSFV. Comparable levels of IRF7 24 h, and 48 h postinfection (p.i.) (Fig. SA). Related to their
were detected in mock-, CSFV-, and C;;,R mutant-infected inability to interact with IRF7, the D,;,N or C,;,R mutant
cells at each time point in the absence of MG132 (Fig. 4B, CSFV led to a 5-fold-higher production of IFN-«. Indepen-
bottom panel). The decrease of IRF7 in all samples at 24 h dently of the virus dose, the relative difference in the induction
after infection is consistent with the known high turnover of of IFN-a between the wild-type and the D,;,N mutant viruses
IRF7. Note that in the presence of MG132, the overall IRF7 remained visible (Fig. 5B). The differences between wild-type
expression levels were low (Fig. 4B, top panel), probably due to and NP mutant CSFV in the induction of IFN-a were also
the toxic effect of MG132. From previous data we know that observed in the context of the highly virulent Eystrup strain
the level of IRF3 is clearly reduced at 24 h after infection with (Fig. 5C). Interestingly, the latter virus consistently induced
vA187-1 and can be rescued by inhibition of the proteasomal higher levels of IFN-a than the moderately virulent vA187-1
activity (6). Here we show that in contrast to the case for IRF3, strain. At the IFN-a and IFN-B8 mRNA levels, the D,;,N and
the amount of IRF7 was not influenced by infection with either C,1.R mutants also induced higher responses than the wild-

FIG. 3. Truncations at the amino terminus or the carboxy terminus of IRF3 and IRF7 affect the interaction with NP™. (A) Schematic
representation of porcine IRF3 and IRF7 based on the domain prediction tool SMART; the DNA-binding domain (DNA-BD) and the regulatory
domain (RD) are indicated. (B) Schematic representation of the N-terminal and C-terminal deletion mutants of IRF3 and IRF7; all the truncated
fragments were expressed fused to the C terminus of the transactivator VP16 of the pFN10A(ACT) plasmid. (C and D) The expression of IRF3
(C) and IRF7 (D) and of mutants thereof was analyzed by Western blotting and detection with rabbit antisera against porcine IRF3 and IRF7,
respectively. The a-tubulin content was determined as a loading control using the anti-a-tubulin MAb. (E and F) The interaction of NP* with the
truncated forms of IRF3 (E) and IRF7 (F) was analyzed using the mammalian two-hybrid assay. HEK293T cells were transfected with plasmids
for the expression of the GAL4-NP™ chimeric protein and of the VP16-IRF3 (E) or VP16-IRF7 (F) proteins and the indicated deletion mutants.
The fold induction of firefly luciferase activity normalized to Renilla luciferase activity was calculated relative to the negative-control pACT and
pBIND. The error bars represent the standard deviation.
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FIG. 5. NP™ limits the IFN-«a responses in pDC. (A) Enriched pDC were mock treated or infected at a MOI of 2 TCIDs/cell with CSFV strain
vA187-1 or with CSFV vA187-1 carrying the C;,,R or the D3N mutation in NP™. The supernatants were collected at 6, 24, and 48 h p.i., and
IFN-a was measured by ELISA. The bars show the means of triplicates from a representative experiment, with error bars showing the standard
deviation. (B) Enriched pDC were mock treated or infected with CSFV vA187-1 or with the D3N mutant at an MOI of 5, 2, 1, or 0.04 TCIDs/cell.
Supernatants were collected at 20 h p.i., and IFN-«a was quantified by ELISA. (C) Enriched pDC were mock treated or infected at an MOI of 1
TCIDsg/cell with the wild-type (WT) CSFV strains vA187-1 or Eystrup as indicated, and with the respective D 3,N mutant viruses. The
supernatants were collected at 20 h p.i., and IFN-a was measured by ELISA. (D and E) The contents of IFN-a (D) and IFN-B (E) mRNAs of
purified pDC at different times after mock treatment or infection with CSFV strain vA187-1 or the D3,N and C,,R mutants were measured by
real time RT-PCR. The amount of mRNA is shown relative to the levels of the 18§ mRNA. (F) Enriched pDC were mock treated or infected with
CSFV vA187-1 or the D, 5,N mutant at an MOI of 5, 2, 1, or 0.04 TCIDj/cell. At 20 h p.i., triple staining for surface CD172a, CD4, and intracellular
NS3 was performed. The percentage of NS3-positive cells was calculated on CD172a'°* CD4* pDC. The results of one representative experiment
out of three are shown. Statistically significant differences (P < 0.05, calculated by Student’s ¢ test) are shown with an asterisk.

type CSFV at 6 and 10 h p.i. (Fig. 5D and E). The ability of the
NP™ mutants to induce higher IFN-a/f responses than the
wild-type CSFV was not due to different levels of infection by
the viruses, since the percentages of NS3* pDC were compa-
rable at various virus doses (Fig. 5F). Taken together, the
results show that CSFV has the ability to significantly limit
IFN-«/B induction in pDC and that this function is mediated
by the viral protein NP™, probably through its ability to inter-
fere with IRF3 and/or IRF7 signaling.

NP negatively regulates IRF7 levels in pDC. In order to
determine the mechanisms by which NP™ limits the production
of IFN-a in pDC, we examined the fate of IRF7 following
infection of purified pDC with wild-type and with D,5,N and
C,1.R mutant CSFV. With no IRF7 detectable in mock-in-
fected cells, the D;3,N mutant induced a strong upregulation
of IRF7 that was visible with the first IFN-« found at 6 h p.i. In
wild-type-infected pDC, IRF7 was detectable as a weak band
in the Western blot as early as 6 h p.i. Interestingly, despite the
high levels of IFN-« (several thousand units) also found in the
wild-type CSFV-infected purified pDC cultures at 10 h and
24 h p.., the IRF7 levels remained at a constant low level and
never reached the high levels found in pDC infected with the
D,;,N mutant virus (Fig. 6A). These observations were con-
firmed by flow cytometry. While infection with the parent

CSFV resulted in IRF7 expression similar to that with mock
infection (Fig. 6B, right panel), the D,5,N and C,;,R mutant
CSFV induced higher levels of IRF7. In addition, we observed
a clear reduction of IRF3 expression in wild-type CSFV-in-
fected pDC compared with mock treatment or infection with
D,;N and C,,R mutant CSFV (Fig. 6B, left panel), confirm-
ing previous data showing the degradation of IRF3 in other
cell types (6). In order to determine whether the differences in
the IRF7 protein expression levels seen in Fig. 6A and B
resulted from different transcriptional activities, we quantified
IRF3 and IRF7 mRNAs by real-time RT-PCR in wild-type
CSFV-infected pDC versus pDC infected with D3N mutant
CSFV. IRF7 was strongly induced by both wild-type and mu-
tant CSFV. Although at 10 h p.i., the D,3,N mutant induced
higher levels of IRF7, with both viruses similar maximum levels
of 170- to 190-fold over that with the mock controls were found
(Fig. 6C). Compared to that of IRF7, the induction of IRF3
was lower, and no difference was found between the wild type
and the NP mutant at most time points analyzed (Fig. 6D).
The higher levels of IRF3 induced by vA187-1 found at 16 h
p.i. were not reproducible. From this we conclude that the
lower IRF7 protein levels found in wild-type CSFV infection
did not result from lower transcription. Taken together, these
findings indicate that NP™ negatively regulates IRF7 at the
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FIG. 6. NP™ negatively regulates the IRF7 protein but not the
IRF7 mRNA levels in pDC. (A) Purified pDC were mock treated or
infected with CSFV vA187-1 or the D3N mutant at an MOI of 2
TCIDsg/cell. The supernatants were collected at 1, 6, 10, and 24 h
p.i., and IFN-a was measured by ELISA. The bars show the means
of triplicates from one representative experiment out of three, with
error bars displaying the standard deviation. In parallel, the expres-
sion of IRF7 from the same wells was analyzed by Western blotting
and detection with rabbit antiserum against the porcine IRF7 (the
asterisk indicates an unspecific band shown as loading control).
(B) Enriched pDC were mock treated or infected with CSFV
vA187-1 or with the C,,R or the D 3,N mutant at an MOI of 1
TCIDsg/cell. At 20 h p.i., triple staining was performed for surface
CD172a and CD4 and for intracellular IRF3 (left panel) or IRF7
(right panel). The CD172'°% CD4* pDC subset was analyzed for
IRF3 (left panel) and IRF7 (right panel) expression. The results of
one representative experiment out of two are shown. (C and D)
Purified pDC were mock treated or infected with CSFV strain
vA187-1 or with the D3,N mutant at an MOI of 1 TCIDs/cell. The
levels of IRF7 (C) and IRF3 (D) mRNAs relative to the 18§ mRNA
were measured by real-time RT-PCR at 1, 6, 10, 16, and 24 h p.i.
The bars show the means for triplicate cultures from one represen-
tative experiment out of three. In panels A and C, statistically
significant differences (P < 0.05, calculated by Student’s ¢ test) are
shown with an asterisk. ns, not significant.
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FIG. 7. Infection with CSFV but not with virus carrying the D3N
mutation in NP inhibits the IFN-a response in pDC. Enriched pDC
were mock treated or infected with CSFV vA187-1 or vA187-D 54N at
an MOI of 2 TCIDsy/cell. At 18 h p.i., the cells were stimulated by
adding CpG 2216 (10 pg/ml) to the cell culture medium or by infection
with HSN1 AIV at an MOI of 10 TCIDsg/cell. The supernatants were
collected after 24 h and tested for IFN-a by ELISA. Statistically sig-
nificant differences (P < 0.05, calculated by Student’s ¢ test) are shown
with an asterisk. ns, not significant.

protein level in pDC, probably through interference with IRF7
turnover.

Infection with CSFV inhibits the IFN-« response in pDC. In
order to investigate whether CSFV can also inhibit the IFN-«
response of pDC to other TLR ligands or viruses, we infected
enriched pDC with wild-type and D,;,N mutant CSFV for 20 h
and subsequently treated the cells with CpG as a TLR9 agonist
or with HSN1 AIV as a TLR7 agonist (Fig. 7). Interestingly,
infection with parental CSFV impaired the ability of pDC to
secrete high levels of IFN-« in response to the other stimuli. In
pDC infected with D3N mutant CSFV, this inhibition was not
observed with CpG stimulation and was significantly less po-
tent for AIV activation. These data demonstrate that CSFV is
able to negatively regulate the IFN-a response in pDC, pre-
sumably through its ability to reduce the levels of IRF7.

DISCUSSION

NP™ of pestiviruses antagonizes the induction of the early
innate immune response in non-pDC such as epithelial cells,
macrophages, and monocyte-derived DC. This function is re-
lated to a Zn-binding motif in the C-terminal half of NP™ that
is essential for NP™ to interact with IRF3, resulting in the
proteasomal degradation of IRF3 (53). Considering that in
mouse pDC type I IFN induction was found to be essentially
IRF7 dependent (24), it was not surprising to observe that
pDC represent the only cell type able to respond to CSFV
infection by production of IFN-« (4, 6, 8, 35). However, here
we demonstrate a novel function of NP'° in innate immunity,
namely, its interaction with IRF7, which reduces IRF7-depen-
dent IFN-« induction in SK-6 cells and pDC.

In contrast to other cells, human pDC express IRF7 consti-
tutively, although this basal expression is rapidly upregulated
after stimulation (28, 34, 54) and is maintained in vitro only in
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the presence of a stimulant (12). Related to this, studies with
human pDC describe that nuclear translocation of IRF7 occurs
earlier than IRF7 induction, implying that the first wave of
IFN-« is induced by the constitutively expressed IRF7 in pDC
(12, 54). This would explain our finding that CSFV induces
considerable amounts of IFN-a despite the interference of
NP with IRF3 and IRF7 functions. However, the IFN-« levels
found with the Zn-binding-deficient NP™ are never reached
during infection with the parent CSFV due to a limited IRF7
expression observed with CSFV infection. Our data with pDC
suggest that IRF7 is regulated at the protein level, since no or
only minor differences were found in the IRF7 mRNA quan-
tities. In the porcine cell lines SK-6 and PK-15, endogenous
IRF7 protein was not detectable. Our results obtained with
SK-6 cells expressing plasmid-driven IRF7 did not show any
evidence of accelerated proteasomal degradation of IRF7, sup-
porting earlier studies in which a downregulation of IRF7
expression in PK-15 cells was not detected (6). Nevertheless, it
is clear from this study that under “natural” conditions in pDC,
functional NP™ limits the level of IRF7 protein, which in turn
limits IFN-« induction. However, it is not clear whether NP
accelerates proteasomal degradation of IRF7 in pDC or
whether alternative mechanisms are involved. Experiments
with proteasome inhibitors such as MG132 and epoxomycin
did not answer this question due to the toxicity of these drugs
in pDC. It is possible that NP utilizes a different mechanism
to interfere with IRF7 than to interfere with IRF3. An alter-
native could be that NP™ influences the localization of IRF7
and retains the transcription factor in the cytoplasm, as has
been reported, for example, in the context of hepatitis C virus
(40). A reduced translocation of IRF7 following CSFV infec-
tion not only may result in a reduction of IFN-« induction but
also may modulate the overall natural proteasome-mediated
IRF7 turnover in the infected pDC.

Several examples in the literature demonstrate that viral
proteins interfere with the induction of type I IFN by antago-
nizing the function of multiple IRFs (5, 7). One explanation for
this might be that the members of the IRF family contain
related features, including an N-terminal DNA-binding do-
main (55). As shown here, porcine IRF3 and IRF7 share at
least structural elements, namely, the N-terminal DNA-bind-
ing domain and a regulatory domain in the C-terminal half of
the protein. This led us to hypothesize that NP*® may interact
with a common domain in certain IRF family members. How-
ever, mutational analyses indicate that NP™ does not interact
with IRF3 and IRF7 upon recognition of a single domain but
that nearly the complete IRF protein is necessary for full
interaction. Importantly, NP™ relies on an intact Zn-binding
domain for the interaction with IRF7, as with IRF3. These
data provide a further indication that NP*® uses partially over-
lapping but distinct mechanisms to interact with IRF3 and
IRF7.

Our results add a new piece of information to understand
the mechanisms involved in the pathogenesis of CSF. At the
initial sites of replication, involving macrophages, conventional
DCs, and endothelial and epithelial cells, CSFV NP™ would
inhibit viral RNA-induced IFN-«/B production, allowing the
virus to rapidly replicate and resulting in viremia and spread to
secondary sites of replication. By targeting IRF3 for degrada-
tion, NP™ removes an upstream transcription factor needed for
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inducing the IRF7-dependent IFN-a/B feedback loop, which is
essential in non-pDC (25). As the speed and level of replica-
tion are critical for the outcome of the disease, this inhibition
of the innate immune response would allow CSFV to establish
a productive infection. Once the virus has spread to secondary
sites of replication representing lymphoid tissue, it would in-
fect pDC that can produce IFN-« independently of IRF3 (24).
This activation of pDC would result in the production of pro-
inflammatory cytokines and IFN-a related to the typical im-
munopathological syndrome of CSF (3, 43, 51). In this context
it is important to note that the IFN-a responses during CSF
are correlated with the severity of the disease (29, 43, 51). We
speculate that in this phase of acute disease the interaction of
NP with IRF7 could be beneficial to limit IFN-« and cytokine
responses. This would explain earlier results showing disease
exacerbation with increased serum IFN-a levels in pigs in-
fected with the highly virulent vEy-37 strain in which the Zn-
binding function of NP was knocked out (43). It could thus be
of evolutionary benefit for the virus to establish more chronic
persisting infections rather than peracute disease with rapid
death of the animals, as a consequence of “cytokine storm” and
shock typical of severe hemorrhagic fevers. However, it is im-
portant to note that the influence of N”™ on the outcome of
the infection is not absolute but acts in concert with other
virulence factors, as the impact of NP™ in the pathogenesis
differs between moderate and highly virulent strains (43).

Taken together, our results present a novel function of NP*®
in subverting the innate immune system. Considering that
IRF3 is the initial trigger of IFN-B expression and IRF7, the
“master regulator” of type I IFN (25), the dual actions of NP*®
would help the virus to interfere with autocrine and paracrine
pathways of type I IFN induction in a cell type-dependent
manner. In the future it will be of interest to study whether
NP™ is also capable of interacting with other members of the
IRF family and to define the molecular mechanisms in more
detail. Understanding of the diverse molecular interactions of
CSFV with targets of the innate immune system will help us to
gain a closer insight into pathogenesis and to understand virus-
host coevolution of CSF and other hemorrhagic fevers.
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