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The V protein of Sendai virus (SeV) suppresses innate immunity, resulting in enhancement of viral growth in mouse lungs and
viral pathogenicity. The innate immunity restricted by the V protein is induced through activation of interferon regulatory fac-
tor 3 (IRF3). The V protein has been shown to interact with melanoma differentiation-associated gene 5 (MDA5) and to inhibit
beta interferon production. In the present study, we infected MDA5-knockout mice with V-deficient SeV and found that MDA5
was largely unrelated to the innate immunity that the V protein suppresses in vivo. We therefore investigated the target of the
SeV V protein. We previously reported interaction of the V protein with IRF3. Here we extended the observation and showed
that the V protein appeared to inhibit translocation of IRF3 into the nucleus. We also found that the V protein inhibited IRF3
activation when induced by a constitutive active form of IRF3. The V proteins of measles virus and Newcastle disease virus inhib-
ited IRF3 transcriptional activation, as did the V protein of SeV, while the V proteins of mumps virus and Nipah virus did not,
and inhibition by these proteins correlated with interaction of each V protein with IRF3. These results indicate that IRF3 is im-

portant as an alternative target of paramyxovirus V proteins.

he family Paramyxoviridae includes numerous human and an-

imal pathogens such as measles virus (MeV), mumps virus
(MuV), respiratory syncytial virus, canine distemper virus, New-
castle disease virus (NDV), Nipah virus (NiV), and Hendra virus.
Paramyxoviruses possess accessory proteins that are not essential
for minimal virus growth but are essential for efficient and patho-
genic infection. Sendai virus (SeV), which belongs to the family
Paramyxoviridae, is a respiratory tract pathogen of rodents and
has accessory proteins C and V. The SeV genome, which is ap-
proximately 15.4 kb, comprises six genes, N, P, M, F, HN, and L,
and the genes individually encode one polypeptide. The P gene
exceptionally encodes the C and V proteins as well as the P protein
(27, 32).

The C proteins, C’, C, Y1, and Y2, are synthesized from the
colinear transcript of the P gene in an open reading frame (ORF)
shifted from that of the P protein by alternative translational starts
and a common stop codon. The C proteins have multiple func-
tions, including interruption of the Jak/Stat pathway to inhibit
interferon (IFN)-responsive gene activation (8, 10), inhibition of
apoptosis (13, 26), viral RNA synthesis regulation (2, 5, 6, 14, 45),
and assistance with virus particle formation (15, 38, 41). Inhibi-
tion of apoptosis may be linked to proper regulation of viral RNA
synthesis by viral polymerase with the assistance of the C protein
(13, 43).

The V protein is synthesized from an additional mRNA, which
is generated from the P gene by inserting a pseudotemplated G
residue at the specific editing site in the middle of the gene (46,
47). Consequently, the P and V proteins share the same 317 resi-
dues at the amino terminus (P/V common region), and the V
protein has a unique 67-residue carboxyl terminus (Vu region).
The Vu region contains 15 highly conserved amino acids in almost
all of the members of the subfamily Paramyxovirinae. V-deficient
SeV (SeV V™) was generated by introducing mutations at the RNA
editing site of the P gene (17). SeV V™ efficiently propagated in
cultured cells, indicating that the V protein was a nonessential
accessory protein. However, SeV V™~ was cleared from mouse
lungs at an early stage of infection (17). SeV V™ is remarkably
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attenuated in virulence in mice, indicating the importance of the
V protein in SeV pathogenesis in vivo (reviewed in references 31,
32, and 37).

On the other hand, SeV V™ propagated as efficiently as wild-
type (WT) SeV in interferon regulatory factor 3 (IRF3)-knockout
(KO) mice (23). The SeV V protein is thus thought to counteract
an early anti-SeV innate immunity through signal transduction
via IRF3. However, the innate immunity counteracted by the V
protein was presumed to not involve IFNs, because large amounts
of type I IFNs were produced even in IRF3-KO mice and because
clearance of SeV V™ was also observed in IFN o/ receptor-KO
mice and Stat-1-KO mice (23).

Paramyxovirus V proteins, including the V protein of SeV,
have been shown to interact with an intracellular viral RNA sen-
sor, melanoma differentiation-associated gene 5 (MDAS), and in-
hibit the downstream IRF3 and beta IFN (IFN-f) activation in
cultured cells (1, 3, 4, 50). We have recently analyzed the interac-
tion of melanoma differentiation-associated gene 5 (MDA5) with
V proteins derived from SeV mutants with different pathogenici-
ties and have shown that SeV pathogenicity appears to be related
to interaction of the V protein with MDAS (36). It has also been
reported that MDAD5 is involved in activation of innate immunity
in mice (9). On the other hand, infection experiments using gene-
knockout mice revealed that infection of SeV is recognized by
another intracellular RNA sensor, retinoic acid-inducible gene I
(RIG-I), and not by MDAS5 in cultured cells (19, 30) and in mice
(20). Therefore, it is unknown whether the interaction between
the SeV V protein and MDAS has significance in V-mediated SeV
pathogenesis in vivo.
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In the present study, we first investigated the growth and
pathogenicity of SeV V™ in RIG-I- or MDA5-knockout mice and
found that MDAS5 was probably not a critical target of the V pro-
tein in vivo. We then focused on interaction of the V protein with
IRF3 and found that the V protein inhibited translocation of ac-
tivated IRF3 into the nucleus, and we further investigated the in-
hibition of IRF3 by the V proteins of other paramyxoviruses.

MATERIALS AND METHODS

Cells and viruses. LLC-MK, cells (rhesus monkey kidney-derived cells),
293T cells (human renal epithelial cells expressing the simian virus 40
large T antigen), 1929 cells (mouse fibroblast-like cells), and HeLa cells
(human cervical cancer-derived cells) were propagated in 10% fetal calf
serum containing Dulbecco’s minimum essential medium (DMEM).
Mouse embryonic fibroblasts (MEFs) were prepared from mouse fetuses
or newborn mice of gene-knockout mice as described previously (22).

SeV Z strain and V-deficient SeV (SeV V™) with mutations at the RNA
editing site (17) were propagated in embryonated chicken eggs. Virus
infectivity was measured by an immunofluorescent infectious focus assay
using LLC-MK, cells and expressed by the number of cell-infecting units
(CIU)/ml (24).

Mice. MDA5-KO mice in the C57BL/6 mouse background and RIG-
I-KO mice in the ICR background were provided by S. Koike (Tokyo
Metropolitan Institute for Neuroscience, Japan). MDA5/RIG-I-dou-
ble-KO mice in the ICR background were obtained by mating MDA5 /™~
and RIG-I"'" mice in the ICR background and by selecting double-KO
mice from the F1 progeny with PCR genotyping. MDA5 '~ and RIG-
I/~ ICR mice were provided by O. Takeuchi (Research Institute for
Microbial Diseases, Osaka University, Japan). IRF3-KO mice were pro-
vided by Riken Bioresources Bank as described previously (23). C57BL/6
and ICR/Crj (CD-1) mice were purchased from Charles River Laborato-
ries Japan, Ltd. (Atsugi, Japan).

Infection of mice with SeV. Three-week-old mice were intranasally
inoculated with 10° CIU of SeV per mouse under mild anesthesia with
ether, and their body weights and clinical symptoms were checked daily.
Two mice were sacrificed at certain time intervals, their lungs were
homogenized in 1 ml of minimal essential medium (MEM) per mouse,
and then virus infectivity was measured. Alternatively, four or five mice in
a group were inoculated with 10, 10%, 10, 10, 107, or 10® CIU of SeV per
mouse and observed over a period of 2 weeks. On the basis of the lethality
for mice, 50% mouse lethal doses (MLD,s) were calculated as described
previously (11).

Infection experiments were performed under physical containment of
level 3 at the animal facility in the Natural Science Center for Basic Re-
search and Development, Hiroshima University, and were carried out in
strict accordance with the Guidelines for Animal Experimentation of the
Japanese Association for Laboratory Animal Science. The protocol was
approved by the Committee on the Ethics of Animal Experiments of Hir-
oshima University. All efforts were made to minimize suffering.

Plasmids. pCAG-V, an expression plasmid for the full-length SeV V
protein, was generated by a standard PCR technique using pSeV(+)-
4C(—), which was provided by A. Kato, as a template. The intrinsic ORF
of the C protein in pCAG-V is disrupted, and no C proteins are generated
from pCAG-V. For expression of SeV truncated V proteins, pCAG-P/V
and pCAG-myc-Vu were constructed from pKS-P/V and pKS-myc-Vu
(36), respectively. The full-length cDNA clone of NiV V protein was pro-
vided by L.-F. Wang (CSIRO Livestock Industries, Australia) through the
courtesy of B. Gotoh (Shiga University of Medical Science, Japan).
The cDNA of MeV V protein was constructed by two-step PCR from the
genomic ¢cDNA of the IC-B strain, which was provided by K. Takeuchi
(Tsukuba University, Japan): the P/V common region and the V unique
region were individually amplified in the reverse transcription (RT) and
the Ist-step PCR, and the two fragments were connected in the 2nd-step
PCR. The full-length cDNA fragment of the V protein of NDV was gen-
erated by RT and two-step PCR using genomic RNA purified from the
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NDV Herts strain as a template. The full-length cDNA fragment of the V
protein of MuV was generated by RT-PCR using genomic RNA purified
from the MuV RW strain as a template. For V ¢cDNA of NiV, MeV, and
NDV, a myc tag was attached at the N terminus by using PCR. These
c¢DNAs were then subcloned into the pCAGGS.MCS vector under the
chicken B-actin promoter (34). The resultant plasmids were designated
pCAG-myc-NiV-V, pCAG-myc-MeV-V, pCAG-MuV-V, and pCAG-
myc-NDV-V, respectively.

Protein expression plasmids pCAG-FL-RIG-I and pCAG-FL-MDA5
were described previously (36). An expression plasmid for a C-terminally
truncated FLAG-tagged RIG-I (residues 1 to 129) was constructed to gen-
erate pCAG-FL-RIG-I-CA (the constitutive active [CA] form) according
to a previous report (51). An expression plasmid for a constitutive active
form of FLAG-tagged Toll-interleukin-1 receptor domain-containing
adaptor-inducing B-IFN (TRIF) possessing an N-terminal 541-amino-
acid region (pCAG-FL-TRIF-CA) was constructed by a standard PCR
technique using pEFneo-hTRIF (25) as a template according to a report
by Yamamoto et al. (48). The full-length cDNA clone of IRF3 was ampli-
fied from mRNA 0f293T cells by using an RT-PCR technique with specific
primers and simultaneously adding a hemagglutinin (HA) tag at the N
terminus and subcloned into the pCAGGS vector. The cDNA was pro-
cessed for three rounds of in vitro mutagenesis to generate IRF3-5D
(8396D, S398D, S402D, T404D, and S405D) by using an AMAP multisite-
directed mutagenesis kit (Amalgaam, Tokyo, Japan) following the man-
ufacturer’s instructions. A reporter plasmid, p-55C1B-EGEFP, that has 8
tandem IRF3-binding motifs upstream of the enhanced green fluorescent
protein (EGFP) gene was described previously (36).

Antibodies. Mouse monoclonal antibodies against the HA tag
(HA.C5; Applied Biological Materials), FLAG tag (M2; Sigma-Aldrich),
myc tag (9E10; Santa Cruz Biotechnology), green fluorescent protein
(GFP; sc8334; Santa Cruz Biotechnology), and mouse actin (MA1501;
Chemicon International) and rabbit polyclonal antibodies against the
myc tag (sc788; Santa Cruz Biotechnology) and human IRF3 (sc9082,
Santa Cruz Biotechnology) were employed following each of the manu-
facturer’s protocols. Rabbit antiserum against purified SeV P protein was
provided by A. Kato (National Institute of Infectious Diseases, Japan),
and that against MuV P protein was provided by K. Takeuchi (Tsukuba
University, Japan). Mouse monoclonal antibody against SeV N protein
was provided by E. Suzuki (National Institute of Infectious Diseases,
Japan). Rabbit serum against SeV M protein was described previously
(12), and that against purified SeV particles was also described previously
(24). Alexa Fluor 488-conjugated anti-mouse IgG and Alexa Fluor 546-
conjugated anti-rabbit IgG goat polyclonal antibodies (Invitrogen) and
horseradish peroxidase (HRP)-conjugated anti-mouse IgG and HRP-
conjugated anti-rabbit IgG goat polyclonal antibodies (Santa Cruz Bio-
technology) were used according to the protocols of the suppliers. An
enzyme-linked immunosorbent assay (ELISA) kit was used to measure
mouse IFN- (VeriKine mouse IFN-f3 ELISA kit; PBL Biomedical Labo-
ratories, Piscataway, NJ).

IP-Western blotting. Immunoprecipitation (IP)-Western blotting
was performed basically as described previously (16). Briefly, 293T cells
cultured in 6-well plates were cotransfected with the indicated plasmids.
After 24 h, cells were solubilized in cell lysis buffer (0.5% NP-40, 20 mM
Tris-HCI [pH 7.4], 150 mM NaCl). Cell lysates were then immunopre-
cipitated with either anti-P or anti-myc antibody to precipitate SeV V
protein, its truncated mutants, and other paramyxovirus V proteins. The
immunoprecipitates were separated by SDS-PAGE, followed by Western
blotting using anti-HA or anti-FLAG antibody to detect coprecipitated
host proteins. Cell lysates were also subjected directly to Western blotting
with individual antibodies to confirm expression of proteins. An experi-
ment using a reverse combination of antibodies was also performed.

Immunofluorescent imaging. Immunofluorescent staining was per-
formed basically as described previously (15). HeLa cells cultured in
6-well plates containing glass coverslips were transfected with the indi-
cated plasmids. After 24 h, cells were fixed, permeabilized, and then
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FIG1 SeV V™ propagation in lungs from gene-knockout mice. (A to C) Three-week-old gene-knockout mice and their parent strains, MDA5-KO C57BL/6 mice
(A), RIG-I-KO ICR mice (B), and MDA5/RIG-I-KO ICR mice (C), were intranasally inoculated with 10° CIU of SeV WT or SeV V™ per mouse and were
sacrificed at certain time intervals. Their lungs were homogenized in 1 ml of MEM, followed by measurement of virus infectivity. Average infectivity is plotted

in the graph, and a plus sign indicates death of a mouse.

stained using the indicated antibodies as primary antibodies and Alexa
Fluor 546-conjugated anti-rabbit IgG and/or Alexa Fluor 488-conjugated
anti-mouse IgG antibodies as secondary antibodies. The coverslips were
mounted on glass slides and observed using a Zeiss LSM 5 confocal mi-
croscope (Carl Zeiss).

IRF3 reporter assay. The IRF3 reporter assay was performed as de-
scribed previously (36). Briefly, subconfluent 293T cells in 6-well plates
were transfected with p-55C1B-EGFP, an IRF3 signal-inducing plasmid
such as pCAG-FL-MDA5, pCAG-FL-RIG-I-CA, pCAG-FL-TRIF-CA, or
pCAG-HA-IRF3-5D, and an expression plasmid for the V protein. After
24 h, cell lysates were prepared and processed for Western blotting by
using anti-GFP antibody. Cell lysates were also subjected to Western blot-
ting with antibodies against the individual proteins to confirm protein
expression.

Poly(I-C) treatment and immunofluorescence microscopy. HeLa
cells cultured on glass coverslips were infected with SeV mutants at an
input multiplicity of infection (MOI) of 5. After 1 h, inocula were re-
moved and cells were washed with phosphate-buffered saline (PBS) three
times and incubated with serum-free DMEM. At 12 h postinfection, the
culture medium was replaced with fresh serum-free DMEM, and 5 pg of
poly(I-C) (GE Healthcare) was transfected using Lipofectamine 2000 (In-
vitrogen). After an additional 6 h, cells were fixed with the 0.5% formal-
dehyde solution and treated with 0.1% Triton X-100 in PBS. Cells were
then stained using a monoclonal antibody against SeV N and a polyclonal
antibody against human IRF3 as primary antibodies and Alexa Fluor 546-
conjugated anti-mouse IgG and Alexa Fluor 488-conjugated anti-rabbit
IgG goat polyclonal antibodies as secondary antibodies. Coverslips were
mounted on glass slides and observed using a confocal microscope.

RESULTS

Propagation and pathogenesis of SeV V™ in MDA5-, RIG-I-,and
RIG-I/MDA5-KO mice. Mice were infected with SeV WT or SeV
V™ and sacrificed at 0 to 9 days postinfection to investigate virus
growth in the lungs (Fig. 1A to C). In MDA5-KO mice, SeV WT
replicated efficiently in the lungs, while SeV V™ had not replicated
at 2 days postinfection or later. These patterns were similar to
those in parent C57BL/6 mice (Fig. 1A). In RIG-I-KO mice, how-
ever, SeV V™ could replicate as efficiently as SeV WT (Fig. 1B). In
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RIG-I- and MDAS5-double-KO mice, the growth of SeV V™~ was
similar to that in RIG-I-KO mice (Fig. 1C).

The MLDs, of SeV V™ in C57BL/6 mice was almost 30 times
higher than that of SeV WT in C57BL/6 mice, indicating attenu-
ation of the virulence of SeV V™ compared with that of SeV WT
(Table 1, upper half). Comparison of the MLD,, values in
C57BL/6 and MDA5-KO mice showed that the MLDs, values of
SeV V™ were almost the same (ratio of 1:1.5, as shown in paren-
theses in Table 1). This corresponds to similar virus replication in
mouse lungs (Fig. 1A).

In ICR mice, the MLD5, of SeV V™ was higher than that of SeV
WT, also indicating attenuation of the virulence of SeV V™~ (Table
1, lower half). In RIG-I-KO mice, the MLD,, of SeV WT was ca.
150 times smaller than that in ICR mice. These results indicate a
negative effect of RIG-Ion SeV V™ replication. The MLDs, of SeV
V™ in RIG-I-KO mice was ca. 4,100 times smaller than the MLD5,
of SeV V™ in ICR mice (Table 1). These results suggest that the
immunity that the V protein restricts is largely induced by RIG-I
and not MDAS5 in vivo.

On the other hand, when SeV WT replication was compared in

TABLE 1 MLD;s of SeV V™ in gene-knockout mice”
MLDjs, (no. of CIU/mouse)

Mouse strain SeVWT SeVV™

C57BL/6 3.2 X 10° (1) 1.0 X 107 (1)
C57BL/6 MDA5 '~ 3.2 X 10° (1) 1.5 X 107 (1.5)
ICR 7.9 X 10° (1) 1.3 X 10% (1)
ICRRIG-T/~ 5.0 X 10° (1/158) 3.2 X 10* (1/4,063)

ICR RIG-I"/~ MDA5 '~ 3.2 X 10° (1/247) 3.2 X 10* (1/4,063)

“ Four or five 3-week-old mice in a group were intranasally inoculated with 10°, 10%,
10°, 10, 107, or 10® CIU of SeV per mouse and observed for 2 weeks. The MLD5,
values were calculated on the basis of the lethality for the mice. The numbers in
parentheses are ratios of the MLD5,, in gene-knockout mice to that in wild-type mice
(C57BL/6 or ICR) in the same column.
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FIG 2 IFN-B secretion from MEFs derived from RIG-I-KO and MDA5-KO mice infected with SeV. MEFs derived from ICR, RIG-I-KO, and MDA5-KO mice
or 1929 cells were infected with SeV WT or SeV V™ at an input MOI of 10, and after 24 h, the culture medium and cell lysates were harvested. (A and B) IFN-3
in the medium was measured by using ELISA. Average values of three dishes were plotted in the graph. Error bars represent standard deviation. ni, mock infected;
(—), no cells. (C) A set of cell lysates was processed for immunoblotting using anti-SeV antiserum, and the N protein bands are shown. Anti-actin antibody was

also used for immunoblotting.

RIG-I-KO and MDAS5/RIG-I-KO mice (Fig. 1B and C), the peak
titer of SeV WT was higher at 4 and 5 days postinfection in the
lungs of MDA5/RIG-I-KO mice, suggesting a role of MDA5 in the
suppression of SeV WT growth. The MLDs, value of SeV WT in
MDAS5/RIG-I-KO mice was slightly smaller than that in RIG-
1-KO mice (Table 1).

IFN-f3 secretion from MEFs derived from RIG-I-KO and
MDA5-KO mice infected with SeV. MEFs were prepared from
gene-knockout mice for RIG-I and MDAS5 and infected with SeV
V™ or SeV WT at an input MOI of 10. Mouse IFN-{ in the culture
medium was measured by using ELISA at 24 h postinfection (Fig.
2A). IEN-f secretion was restricted in RIG-KO mouse-derived
cells. There was a tendency for IFN-f3 secretion to be greater in
SeV V™ infection than in SeV WT infection in MDA5-KO and
parental ICR-derived cells. In mouse fibroblast-like cells, L929
cells, IFN- secretion in SeV V™ infection was much greater than
that in SeV WT infection (Fig. 2B). Western blotting showed sim-
ilar replication of both viruses in these cells (Fig. 2C). Secretion of
IFN-B was not suppressed in SeV V™ -infected cultured cells. The
V protein may suppress a point in the pathway starting from RIG-I
to IRF3 activation and IFN-@ secretion.

Interactions of SeV V protein with IRF3, RIG-I, and MDAS5.
We previously showed interactions of multiple molecules, includ-
ing RIG-I, MDAS5, and IRF3, with the V protein by coimmuno-
precipitation assays (36). Here we reproduced those results show-
ing that the SeV V protein physically interacted with RIG-I and
IRF3 as well as MDAS5 by IP-Western blotting (Fig. 3). A consti-
tutive active form of IRF3, IRF3-5D, also interacted with the V
proteins in this overexpression experiment (Fig. 3). When the
truncated forms, the N-terminal P/V common region (P/V) and
C-terminal V unique region (Vu), were investigated, MDAS5 also
interacted with the Vu region of the V protein, indicating that
interaction of the V protein with MDA5 is Vu dependent. The
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other proteins, however, appeared to require the entire V protein
(P/V plus Vu) for the interaction.

Intracellular localization of SeV V protein and IRF3, IRF3-
5D, RIG-I, and MDAS5. Protein expression and immunofluores-
cent microscopy demonstrated intracellular localization of the V
protein and IRF3-related host factors (Fig. 4). When only the V
protein was expressed, it appeared to be dispersed in the cytosol.
Truncated V proteins, P/V and Vu, localized in the cytosol and in
both the cytosol and the nucleus, respectively. IRF3, RIG-I, and
MDAS5 localized in the cytosol in the case of expression of an
individual protein. IRF3-5D, an active form of IRF3, was found in
the nucleus as well as the cytosol (Fig. 4).

In coexpression of the V protein and one of the host factors,
IRF3, RIG-I, and MDAS5, both proteins appeared to be colocalized
in the cytosol. IRF3-5D, which was found in the nucleus in the case
of single expression, was observed only in the cytosol in the case of
coexpression with the V protein. The V protein appeared to retain
IRF3-5D in the cytosol by a physical interaction between them. In
coexpression of MDAS and RIG-I with the V protein, a relatively
intense yellow color, indicating colocalization, appeared.

In coexpression of truncated Vu with MDAS5, the Vu protein
was exclusively retained in the cytosol probably by interaction
with MDAS. In coexpression of Vu and IRF3-5D and that of P/V
and IRF3-5D, protein localization appeared to reflect localization
of each protein when expressed individually.

HeLa cells were infected with SeV and transfected with
poly(I-C), and the distribution of native IRF3 was observed (Fig.
5). IRF3 accumulated in the nucleus of some uninfected cells [Fig.
5, (—)]. One reason that not all of the cells showed nuclear accu-
mulation of IRF3 was probably a low transfection efficiency of
poly(I-C). In SeV WT-infected cells, nuclear staining of IRF3 was
not observed, and some cells with nuclear staining were unin-
fected cells (Fig. 5, WT, yellow arrows). In contrast, IRF3 nuclear
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FIG 3 Interactions of SeV V proteins with RIG-I, MDA5, IRF3, and IRF3-5D revealed by IP-Western blotting. (A) 293T cells were cotransfected with the
plasmids indicated at the top of the panel. After 24 h, cells were suspended in cell lysis buffer (0.5% NP-40, 20 mM Tris-HCI [pH 7.4], 150 mM NaCl) and then
immunoprecipitated with either anti-P or anti-myc antibody to precipitate SeV V protein and its truncated mutants. The immunoprecipitates were separated by
SDS-PAGE, followed by Western blotting using anti-HA or anti-FLAG antibody to detect coprecipitated epitope-tagged host proteins, FLAG-RIG-I, FLAG-
MDAS5, HA-IRF3, and HA-IRF3-5D. Cell lysates were also subjected to Western blotting to confirm expression of proteins. (B) An experiment using a reverse

combination of antibodies was also performed.

staining was observed in SeV V™ -infected cells (Fig. 5, V™). These
results suggest that the V protein also retained IRF3 in the cytosol
in SeV-infected cells.

Effect of SeV V protein on IRF3 activation. IRF3 activation in
the presence of the V protein was investigated by using a reporter
plasmid, p-55C1B-EGFP (Fig. 6). Here we focused on the interac-
tion of IRF3 with the V protein, since IRF3 is in the most down-
stream location in this signal transduction pathway and since
translocation of IRF3-5D to the nucleus was likely to be inhibited
by the V protein (Fig. 4).

Overexpression of MDA5 induced IRF3 activation (Fig. 6A
and B). The activation was reduced in the presence of the V pro-
tein, was slightly reduced in the presence of the Vu protein, and
was not reduced in the presence of the P/V region (Fig. 6A and B)
(36). The slight suppression of IRF3 activation by Vu may be due
to the interaction of Vu with MDAS.

When the signal was induced by IRF3-5D, the IRF3 activation
was restricted in the presence of the V protein but not in the
presence of the P/V and Vu proteins. Inhibition of the IRF3-5D-
induced IRF3 transcriptional activation by the V protein appeared
to correspond to the restriction of nuclear localization of IRF3-5D
by coexpression with the V protein (Fig. 4).

When the signal was induced by a constitutive active form of
RIG-I, RIG-I-CA, or a constitutive active form of TRIF, TRIF-CA,
the V protein also inhibited IRF3 activation, though the extent of
inhibition appeared to be less than that from overexpression of
MDAS5 (Fig. 6C and D). This result suggests that the V protein
suppresses IRF3 activation even if the signal is induced by a dis-
tinct RNA sensor, RIG-I, Toll-like receptor 3 (TLR3), or MDAS5.

Interactions of paramyxovirus V proteins with IRF3, RIG-I,
and MDA5. We next investigated interactions of the V proteins of
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other paramyxoviruses, MeV, MuV, NiV, and NDV, with host
factors (Fig. 7). IP-Western blotting demonstrated that all of the V
proteins investigated interacted with both MDA5 and RIG-IL.
However, results of binding with IRF3 and IRF3-5D were differ-
ent. The V proteins of MuV and NiV did not interact with either
IRF3 or IRF3-5D, while the V proteins of MeV and NDV inter-
acted with both IRF3 and IRF3-5D.

Immunofluorescent staining demonstrated that the MuV V
protein was present in the cytosol and that IRF3-5D was present in
the nucleus (Fig. 4 and 8). Even with coexpression of the two
proteins, the subcellular localization in the case of expression of an
individual protein did not change. The MeV V protein was unex-
pectedly found in the nucleus, as was IRF3-5D when expressed
alone. In coexpression with IRF3-5D, the two proteins appeared
to colocalize in the nucleus (Fig. 8).

Effects of paramyxovirus V proteins on IRF3 activation. In
reporter assays, the V proteins of SeV, MeV, MuV, and NDV re-
stricted the IRF3 activation when the signal was induced by over-
expression of MDAS5. However, the NiV V protein did not restrict
the IRF3 activation (Fig. 9A), though the NiV V protein interacted
with MDAS (Fig. 5). When the signal was induced by IRF3-5D, the
V proteins of SeV, MeV, and NDV inhibited IRF3 activation,
while those of MuV and NiV did not (Fig. 9B). This inhibition of
the IRF3-5D-induced IRF3 activation was correlated with inter-
action of the V proteins with IRF3-5D.

DISCUSSION
The SeV V protein is essential for efficient virus growth in mouse
lungs and for viral pathogenicity. The V protein counteracts in-

nate immunity, and the immunity is exerted through activation of
IRF3 (23). In the present study, we infected MDA5-KO mice,
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FIG 4 Intracellular localization of SeV V proteins and RIG-I, MDAS5, IRF3, and IRF3-5D. HeLa cells on glass coverslips were transfected with the indicated
plasmids. After 24 h, cells were fixed, permeabilized, and then stained using the indicated antibodies as primary antibodies and Alexa Fluor 546-conjugated
anti-rabbit IgG and/or Alexa Fluor 488-conjugated anti-mouse IgG antibodies as secondary antibodies. The coverslips were mounted on glass slides and observed
using a Zeiss LSM 5 confocal microscope.
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a-IRF3

FIG 5 Subcellular distribution of cellular IRF3 in SeV-infected cells after in-
duction by poly(I-C). HeLa cells were mock infected [(—)] or infected with
SeV WT or SeV V™. At 12 h postinfection, cells were transfected with 5 pg of
poly(I-C) and incubated for another 6 h. Cells were fixed, permeabilized, and
then stained with anti-IRF3 polyclonal antibody and anti-SeV N monoclonal
antibody containing 4’,6-diamino-2-phenylindole (DAPI), together with Al-
exa Fluor 546-conjugated anti-mouse IgG and Alexa Fluor 488-conjugated
anti-rabbit IgG goat polyclonal antibodies. Cells were observed under a Zeiss
LSM 5 confocal microscope. Yellow arrows, nuclei of poly(I-C)-treated and
uninfected cells.

RIG-I-KO mice, and double-KO mice with SeV V™ in order to
determine whether the immunity related to the SeV V protein was
induced by RIG-I or by MDAS5. The growth of SeV V™ was re-
stricted in MDA5-KO mice as well as in the parental wild-type

mice. In contrast, SeV V™ efficiently propagated in RIG-I-KO and
double-KO mice. Virus pathogenicity revealed by measurement
of the MLDs, corresponded to virus propagation in mouse lungs.
IRF3-KO mice and RIG-I-KO mice allow growth of SeV V™ in the
lungs and are highly vulnerable to SeV V™. It is thus thought that
the innate immunity that the V protein counteracts is induced by
detection of virus infection with RIG-I and subsequent signal
transduction through IRF3.

Involvement of MDAS5 in induction of innate immunity in SeV
infection has been suggested by a study of infection of MDA5-KO
mice with SeV (9). It has been demonstrated that the V protein,
especially the C-terminal Vu domain, is essential for counteract-
ing antiviral innate immunity and that it facilitates virus growth in
mouse lungs (7, 11, 18). We have investigated the interaction be-
tween MDAS5 and the SeV V proteins that have mutations at the
Vu region, and we found that the interaction correlated well with
virus pathogenesis (36). When the time courses of SeV WT repli-
cation were compared in RIG-I-KO and MDAS5/RIG-I-KO mice,
the SeV WT replicated more efficiently at 4 and 5 days postinfec-
tion in the lungs of MDAS5/RIG-I-KO mice (Fig. 1B and C). Gitlin
etal. (9) also observed efficient replication of SeV WT in the lungs
of MDA5-KO mice, despite a difference in the virus strain used (Z
strain versus Fushimi strain). It seems that MDAS5 suppresses SeV
WT replication. MDA5 may play a more significant role in trig-
gering innate immunity to SeV in a situation such as the appear-
ance of defective interfering (DI) genomes in SeV infection, since
SeV containing DI genomes is recognized by MDA5 in dendritic
cells (52).

However, the present work showed that RIG-I is more impor-
tant for virus pathogenesis in relation to the SeV V protein. A
profound effect of RIG-I in infection of mice with SeV was shown
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FIG 6 IRF3 reporter assay in the presence of V proteins. (A) 293T cells were transfected with p-55C1B-EGFP together with pCAG-FL-MDAS5 or pCAG-IRF3-5D
and a plasmid expressing the V, P/V, or myc-Vu protein, as indicated. After 24 h, cells were solubilized and processed for Western blotting using anti-GFP
antibody (EGFP), anti-P antibody (V, P/V), anti-myc antibody (myc-Vu), anti-FLAG antibody (FLAG-MDAS5), or anti-HA antibody (HA-IRF3-5D). (B) The

density of EGFP bands was quantitated and plotted in a graph. The value is the ratio against that without V protein [(—

)]. Experiments were repeated at least three

times, and the average value is shown. Error bars represent standard deviation. (C and D) 293T cells were transfected with p-55C1B-EGFP together with
pCAG-FL-RIG-I-CA, pCAG-FL-TRIF-CA, or pCAG-FL-MDAS and a plasmid expressing the V protein. After 24 h, cells were solubilized and processed for
Western blotting, and the density of EGFP bands was quantitated and plotted in a graph as was done for panel B.
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FIG 7 Interactions of paramyxovirus V proteins with RIG-I, MDAS5, IRF3, and IRF3-5D as revealed by IP-Western blotting. 293T cells were cotransfected
with the indicated plasmids. After 24 h, cells were suspended in cell lysis buffer and then immunoprecipitated with anti-myc or anti-MuV P antibody to
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to Western blotting with individual antibodies to confirm expression of proteins. An experiment using a reverse combination of antibodies was also

performed.

in a previous study (20). Then, the next question is how the V
protein inhibits IRF3 activation. A search for V-interacting mol-
ecules revealed IRF3-activating molecules, including RIG-I, IkB
kinase € (IKKe), and IRF3, other than MDAS5, as interacting part-
ners in a coimmunoprecipitation assay (36) (Fig. 2), although this
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FIG 8 Intracellular localization of MeV V or MuV V proteins and IRF3-5D.
HeLa cells on glass coverslips were transfected with the indicated plasmids.
After 24 h, cells were fixed and permeabilized and then stained as described in
the legend to Fig. 4.
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age value is shown. Error bars indicate standard deviation.
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apparent stickiness of the V protein may be due to overexpression
of proteins. Among the molecules identified, IRF3 was further
investigated in the present study, since IRF3 is located at the most
downstream site in the signal pathway. Even if molecules up-
stream of IRF3 are functionally disturbed by the V protein, IRF3
disturbance should be dominant. Although interaction of the V
protein with RIG-I was interesting, we have not performed further
investigation of this interaction. The SeV V protein was found to
interact with IRF3 as well as its active form, IRF3-5D. Transloca-
tion of IRF3-5D into the nucleus appeared to be inhibited by trap-
ping of IRF3-5D in the cytosol through its interaction with the SeV
V protein. Therefore, the V protein inhibits IRF3 activation prob-
ably through interaction with IRF3. However, there is a possibility
that the V protein interacts with a host protein that is downstream
of IRF3 in the IRF3/IFN expression pathway.

In acute or chronic infection with SeV in cultured cells, it was
shown that IRF3 was degraded and IFN-B production was re-
stricted and that these phenomena were due to synthesis of the V
protein (49). Translocation of IRF3 into the nucleus was inhibited
in SeV WT-infected HeLa cells but not in SeV V™ -infected cells at
18 h postinfection, and degradation of IRF3 was not prominent
under this condition. However, since we did the experiment at
only one time point, we cannot exclude the possibility of degra-
dation of IRF3 by the V protein.

The V proteins of other paramyxoviruses, MeV, MuV, NDV,
and NiV, all interacted with MDAS5. Furthermore, almost all of the
V proteins inhibited IRF3 activation induced by overexpression of
MDAS. One exception was the NiV V protein, which did not in-
hibit IRF3 activation. The reason for this is unknown. Shaw et al.
(40) reported that IRF3-responsive gene expression is inhibited by
the NiV V protein under the condition of stimulation by SeV
infection but not under the condition of stimulation by TLR3. The
NiV V protein may inhibit a specific point in the IRF3 activation
pathway. The V protein of wild-type MeV has been reported to
bind to MDAS5 and inhibit IFN-f3 induction (33). In contrast, the
V protein of an MeV vaccine strain does not interact with MDA5
due to a single amino acid mutation of the V protein (42). The
MeV V protein used in this study that interacted with MDAS5 was
derived from a wild-type MeV IC-B strain (44).

The V proteins of SeV, MeV, and NDV interacted with IRF3
and IRF3-5D and inhibited IRF3 activation induced by IRF3-5D.
The SeV V protein was localized in the cytosol, and coexpressed
IRF3-5D appeared to be trapped in the cytosol. The MeV V pro-
tein was localized in the nucleus, colocalizing with IRF3-5D. The
interaction of the two proteins in the nucleus seems to suppress
IRF3 transcription. On the other hand, the V proteins of MuV and
NiV did not interact with IRF3 or IRF3-5D and did not inhibit
IRF3 activation induced by IRF3-5D. The MuV V protein binds to
IKKe and functions as a decoy of phosphorylation by TANK bind-
ing kinase-1 (TBK1)/IKKe, inhibiting IRF3 activation (29). The V
protein of MuV restricts IRF3 activation at a point upstream of
IRF3. Suppression of IRF3 by paramyxovirus V proteins depends
on the virus species.

It has also been reported that IRF7, which is structurally and
functionally similar to IRF3, is inhibited by paramyxovirus V pro-
teins. In plasmatoid dendritic cells (pDCs), the MeV V protein
binds to IKKa and is phosphorylated, resulting in inhibition of
IRF7 phosphorylation (35). The MeV V protein also binds to IRF7
and inhibits its translocation to the nucleus (35). It has also been
reported that paramyxovirus V proteins, including human para-
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influenza virus type 2 (hPIV2), SeV, bovine parainfluenza virus
type 3, MeV, and NiV, interact with IRF7, inhibiting the IFN-a
promoter in a reconstituted pDC model (21). Our preliminary
experiments also suggested that the SeV V protein inhibited IRF7-
dependent gene expression (data not shown).

The MeV V protein binds to p65 (RelA) to suppress NF-kB
activation (39). Furthermore, the PIV5 V protein inhibits IL-6
expression (28). The restriction of IRF7, NF-kB, and IL-6 is de-
pendent on the Vu region, which is highly conserved among
members of the subfamily Paramyxovirinae in the family Para-
myxoviridae. Suppression of innate immunity by the V protein
seems to be common in paramyxoviruses. The inhibition of IRF3
by paramyxovirus V proteins revealed in this study is a novel
mechanism for the suppression of innate immunity.
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