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We have previously shown that the nonstructural (NS) proteins NS1 and NS2 of bovine respiratory syncytial
virus (BRSV) mediate resistance to the alpha/beta interferon (IFN)-mediated antiviral response. Here, we show
that they, in addition, are able to prevent the induction of beta IFN (IFN-�) after virus infection or double-
stranded RNA stimulation. In BRSV-infected MDBK cells upregulation of IFN-stimulated genes (ISGs) such
as MxA did not occur, although IFN signaling via JAK/STAT was found intact. In contrast, infection with
recombinant BRSVs lacking either or both NS genes resulted in efficient upregulation of ISGs. Biological IFN
activity and IFN-� were detected only in supernatants of cells infected with the NS deletion mutants but not
with wild-type (wt) BRSV. Subsequent analyses of IFN-� promoter activity showed that infection of cells with
the double deletion mutant BRSV �NS1/2, but not with BRSV wt, resulted in a significant increase in IFN-�
gene promoter activity. Induction of the IFN-� promoter depends on the activation of three distinct transcrip-
tion factors, NF-�B, ATF-2/c-Jun, and IFN regulatory factor 3 (IRF-3). Whereas NF-�B and ATF-2/c-Jun
activities were readily detectable and comparable in both wt BRSV- and BRSV �NS1/2-infected cells, phos-
phorylation and transcriptional activity of IRF-3, however, were observed only after BRSV �NS1/2 infection.
NS protein-mediated inhibition of IRF-3 activation and IFN induction should have considerable impact on the
pathogenesis and immunogenicity of BRSV.

Virus infection of mammalian cells leads to the activation of
signaling pathways that result in the expression of host genes
involved in the establishment of an antiviral state. Essential in
this early host defense mechanism against viral intruders is the
family of alpha/beta interferons (IFN-�/�). Once produced,
these secreted proteins induce gene expression in neighboring
cells by binding to cell surface cytokine receptors and activat-
ing JAK-STAT signaling pathways. Activated STAT-1/STAT-2
heterodimers, together with IFN-stimulated gene (ISG) factor
3� (IFN regulatory factor 9 [IRF-9] or p48), bind to IFN-
stimulated response elements found in numerous IFN-respon-
sive genes, such as the double-stranded RNA (dsRNA)-acti-
vated protein kinase, resulting in the induction of proteins that
impair viral replication (for reviews see references 18, 20, and
35).

The regulation of IFN gene expression has been the subject
of intense investigation, and several transcription factors that
bind IFN gene promoters have been identified. Best charac-
terized is the virus-inducible promoter-enhancer of the IFN-�
gene (reviewed in reference 18). This promoter includes an
overlapping set of regulatory elements designated positive reg-
ulatory domains (PRD) I to IV, which interact with several
signal-responsive transcription factors including NF-�B, ATF-
2/c-Jun heterodimers, and IRF-3. Together with the chroma-
tin-associated high-mobility group I(Y) proteins, these tran-
scription factors form a transcriptional enhancer complex that
stimulates the high-level, transient activation of IFN-� tran-
scription. IRF-3 is expressed constitutively and displays a

unique response to viral infection. Phosphorylation of latent
IRF-3 on serine and threonine residues in the C-terminal re-
gion by a virus-activated kinase (VAK) activity leads to dimer-
ization, association with the nuclear p300/CBP coactivators,
and binding to PRD I and PRD III elements in the IFN-�
promoter (23, 28, 30, 37, 39, 48). Activation of IRF-3 by RNA
viruses is generally assumed to be triggered by dsRNA, which
may represent a by-product of virus replication (reviewed in
reference 24). However, recent studies revealed that virus pro-
teins also can directly lead to induction of IFN expression (43).

Bovine respiratory syncytial virus (BRSV), a member of the
Paramyxoviridae family, subfamily Pneumovirinae, is a major
etiological agent of respiratory tract disease in calves resulting
in substantial economic loss (38, 47). The pathology and im-
mune response in calves mimic symptoms caused by human
RSV, which remains the leading cause of bronchiolitis in in-
fancy and of serious lower respiratory tract infections through-
out childhood (8). A characteristic of all members of the Pneu-
movirus genus is the presence of two nonstructural (NS)
protein genes, NS1 and NS2. Both are located at the 3� end of
the negative-strand RNA genome (3�-NS1-NS2-N-P-M-SH-G-
F-M2.1/M2.2-L-5�) and do not have counterparts in other
Paramyxoviridae genera (8, 9). The abundantly expressed NS
proteins (13) are nonessential for virus replication in vitro;
however, deletion of either NS gene severely attenuates RSV
in vivo, indicating important defects in virus-host interplay (6,
7, 25, 36, 41, 42, 49). We have previously reported that the NS
proteins of BRSV and of human RSV are able to cooperatively
antagonize the IFN-induced cellular antiviral response in a
species-specific manner (6, 36).

Here, we show that the NS proteins of BRSV are in addition
able to block induction of IFN-� and the subsequent establish-
ment of a cellular antiviral state by specifically preventing the
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activation of IRF-3. This ability of the RSV NS proteins cer-
tainly has an influence on viral pathogenesis and immunoge-
nicity and is therefore of importance to the development of
efficacious live attenuated RSV vaccines.

MATERIALS AND METHODS

Cells and viruses. Vero, MDBK, and HEp-2 cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 5% fetal calf
serum (FCS) and antibiotics. The human embryonic kidney 293 (HEK 293) cell
line was propagated in DMEM containing 10% FCS and antibiotics.

Recombinant BRSV (rBRSV) was derived from BRSV strain A51908 (Amer-
ican Type Culture Collection) variant Atue51908 (GenBank accession no.
AF092942) (7) and was grown in Vero cells as described previously (6). Gener-
ation of the NS gene deletion mutants rBRSV �NS1, rBRSV �NS2, and rBRSV
�NS1/2 has been described previously (7, 36). For preparation of virus stocks,
80% confluent Vero cell monolayers were infected at a multiplicity of infection
(MOI) of 0.1 in serum-free DMEM (Gibco). After 1 h of adsorption, the
inoculum was removed and the cells were incubated at 37°C in DMEM supple-
mented with 2.5% FCS (Gibco) in a 5% CO2 atmosphere until an extensive
cytopathic effect was observed. Virus was released by freezing and thawing. Virus
titers were determined on Vero cells by limiting dilution in microwell plates and
counting of infected cell foci after indirect staining with an antibody recognizing
the RSV fusion protein.

Infections and Western blot analysis. For Western blot analyses, MDBK or
HEp-2 cells were mock infected or infected in suspension with rBRSV, rBRSV
�NS1, rBRSV �NS2, or rBRSV �NS1/2 at an MOI of 0.2 for 1 h in serum-free
DMEM and subsequently seeded into 12-well dishes with DMEM plus 2.5%
FCS. When indicated, mock-infected or wild-type (wt) BRSV-infected MDBK or
HEp-2 cells were treated with 2,000 U of IFN-� A/D per ml (PBL Biomedical
Laboratories) directly after seeding. Cells were lysed with cell lysis buffer (10 mM
Tris HCl [pH 7.5], 100 mM NaCl, 10 mM EDTA, 0.5% Triton X-100, 0.5%
deoxycholate) at indicated time points, and equivalent amounts of cell extracts
(determined with Coomassie blue protein assay reagent [Pierce]) were loaded
onto a sodium dodecyl sulfate (SDS)–10% polyacrylamide gel. Proteins were
transferred to a nitrocellulose membrane (Schleicher & Schuell) with a semidry
transfer apparatus (OWL Scientific). After incubation with blocking solution
(5% dry milk and 0.05% Tween 20 in phosphate-buffered saline [PBS-T]) at
room temperature for 1 h, membranes were incubated overnight with the re-
spective antibodies. The antibody recognizing PCNA was obtained from Santa
Cruz Biotechnology, Inc.; anti-RSV serum (polyclonal) was purchased from
Biogenesis; and anti-MxA antibody M134 was kindly provided by Otto Haller,
Freiburg, Germany. The blot was then incubated for 2 h with peroxidase-conju-
gated anti-rabbit, anti-goat, or anti-mouse immunoglobulin G (1:10,000 in
PBS-T; Dianova), and proteins were visualized by chemifluorescence (Renais-
sance; NEN).

For Western blot analysis of phosphorylated IRF-3, 2 � 106 HEK 293 cells
were mock infected or infected in suspension with BRSV wt or BRSV �NS1/2 at
an MOI of 0.25 for 1 h and then seeded in six-well dishes. Ten hours postinfec-
tion cells were harvested and nuclei were prepared as follows: cells were resus-
pended in NP-40 buffer (10 mM HEPES [pH 7.9], 10 mM NaCl, 3 mM MgCl2,
0.5% NP-40) and incubated on ice for 40 min. After centrifugation, supernatants
were kept as cytoplasmic extracts and pellets were washed once with PBS. Nuclei
were then lysed with cell lysis buffer containing 1% Triton X-100, and equivalent
amounts of extract were subjected to SDS-polyacrylamide gel electrophoresis
(PAGE). Proteins were transferred, and membrane was probed with IRF-3
antibody (Santa Cruz Biotechnology, Inc.) as described above.

For detection of IFN-� in cell culture supernatants, cell culture supernatants
from infected or noninfected HEp-2 cells were harvested 37 h postinfection and
subjected to trichloroacetic acid (TCA) precipitation. One volume of 100%
(wt/vol) TCA was added to 4 volumes of cell supernatant and incubated for 1 h
at 4°C. After centrifugation, protein pellets were washed twice with cold (	20°C)
100% acetone and dried for 5 to 10 min at 95°C. SDS-PAGE and blotting were
performed as described above. IFN-� was detected with rabbit polyclonal anti-
body (1:1,000) to human IFN-� (Abcam; Cambridge, United Kingdom).

RNA analysis. RNA from cells infected as described above for Western blot
analyses was isolated with the RNeasy Mini kit (Qiagen). Northern blotting and
hybridizations with [�-32P]dCTP-labeled cDNAs were performed as described
previously (10). Hybridization signals were quantitated by phosphorimaging
(Molecular Dynamics Storm).

Supernatant IFN assays. Supernatants of infected MDBK and HEp-2 cells
were harvested at the indicated time points. Supernatants were incubated at 56°C

for 30 min to eliminate replication-competent RSV and mixed with MDBK cells
previously infected with rabies virus (RV) at an MOI of 10, and then cells were
seeded into 12-well plates in DMEM containing 2.5% FCS. RV titers were
determined 2 days postinfection by limiting dilution and counting of infected cell
foci after immunostaining with a fluorescein isothiocyanate conjugate (Centocor)
recognizing RV N protein. Rabies SAD L16 virus stocks were prepared on BSR
cells as described previously (14).

Transfections and luciferase assays. All transfections were carried out with
subconfluent HEK 293 cells grown in 35-mm-diameter dishes. Except for pAP-
1Luc (Stratagene), all reporter construct plasmids used here were a generous gift
from Takashi Fujita, Kyoto, Japan, and are described in reference 52. To assess
IFN-� promoter activity, 1 
g of reporter construct p125luc per 35-mm-diameter
dish was introduced into target cells with the FuGENE 6 transfection reagent
(Roche Molecular Biochemicals). This plasmid contains the luciferase gene
under the control of the entire IFN-� promoter (52) and was kindly provided by
Takashi Fujita. When indicated, 1.5 
g of a plasmid encoding IRF-3 or a
dominant-negative mutant �IRF-3 (pEF HA-IRF-3 and pEF HA-IRF-3 58-427,
respectively) was cotransfected.

To assay activity of NF-�B, ATF-2/c-Jun (AP-1), or IRF-3, HEK 293 cells were
transfected with 0.5 
g of p55A2Luc (luciferase gene under the control of
repeated PRD II elements of the IFN-� promoter) (52), 0.5 
g of pAP-1Luc
containing seven AP-1 binding motif repeats (Stratagene; Path-Detect Cis-Re-
porting Systems), or 1 
g of p55CIBLuc, in which the luciferase gene is under the
control of repeated PRD I elements of the IFN-� promoter (52), respectively, by
using the FuGENE transfection reagent. Ten hours posttransfection cells were
infected in suspension with the indicated viruses at an MOI of 0.2 for 1 h in
serum-free DMEM and seeded out into 24-well plates in DMEM supplemented
with 2.5% FCS. Fourteen hours postinfection cells were lysed with cell lysis
buffer (20 mM Tris [pH 7.8], 2 mM dithiothreitol, 2 mM trans-1,2-diamino-
cyclohexane-N,N,N�,N�-tetraacetic acid, 10% glycerol, 1% Triton X-100) and
assayed for reporter gene activity. Cell extracts were mixed with luciferase buffer
[20 mM Tricine, 2.67 mM MgSO4, 0.1 mM EDTA, 33.3 mM dithiothreitol, 1.07
mM MgCO3 � Mg(OH)2 � 5H2O] containing 470 
M luciferin, 270 
M acetyl
coenzyme A, and 530 
M ATP, and light emission was measured as relative light
units in a luminometer (Perkin-Elmer Wallac GmbH).

RESULTS

BRSV but not BRSV NS gene deletion mutants prevent
upregulation of ISG expression. We have previously shown
that BRSV NS proteins are required to protect virus from
antiviral activity induced by exogenous IFN (36). A strikingly
reduced growth of BRSV NS deletion mutants in MDBK cells
even in the absence of exogenous IFN indicated that NS de-
letion mutants may efficiently trigger the activation of the cel-
lular antiviral response. To investigate the response of cellular
ISGs to infection with BRSV and BRSV lacking NS genes,
MDBK cells were infected at an MOI of 0.2 with wt BRSV or
the double gene deletion mutant BRSV �NS1/2. Cells were
harvested 24 and 48 h postinfection, and equal amounts of cell
extract were subjected to SDS-PAGE and Western blotting.
The blots were probed with antibodies to MxA, PCNA as a
loading control, and anti-RSV serum. In cells treated with
exogenous IFN or infected with BRSV �NS1/2 a significant
level of MxA was detectable already at 24 h postinfection,
indicating that induction of IFN and the subsequent upregu-
lation of ISGs were successfully triggered. However, in wt
BRSV-infected cells, MxA was hardly detectable even at 48 h
postinfection (Fig. 1A), demonstrating that upregulation of
ISGs does not occur. Corresponding results were also obtained
in human HEp-2 cells (Fig. 1B). As expected from earlier
studies, due to the lack of IFN resistance mediated by the two
NS proteins, viral protein expression of BRSV �NS1/2 was
greatly reduced in MDBK cells compared to that of wt BRSV
(Fig. 1A and B). In addition to MxA, other ISGs including
dsRNA-activated protein kinase, p48, STAT-1 (data not
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shown), and STAT-2 (Fig. 1C and D) were found upregulated
in BRSV �NS1/2-infected MDBK (Fig. 1C) and HEp-2 (Fig.
1D) cells compared to wt BRSV-infected cells.

To further assess the contribution of individual NS proteins
to successful blocking of ISG induction by wt BRSV, single NS
deletion mutants were included in the experiments. Extracts
from cell cultures infected with wt BRSV, BRSV �NS1, and
BRSV �NS2 were harvested at 16, 24, and 40 h postinfection.
Both deletion mutants induced MxA expression, although a
delayed induction was always observed for the BRSV �NS1
deletion mutant (Fig. 2). Typically, the induction of MxA as a
marker for antiviral proteins correlated with inhibition of virus
propagation. In conclusion, it appears that both NS proteins
are required for complete blocking of ISG expression, but the
NS2 protein on its own appears to have some activity in pre-
venting or delaying ISG expression.

BRSV does not affect IFN JAK/STAT signaling. To examine
how BRSV manages to prevent ISG expression, we first
checked the integrity of the IFN JAK/STAT signaling, as this
pathway is an established target for paramyxovirus V and C
proteins (for reviews see references 18 and 19). MDBK cells
were mock infected or infected with BRSV at an MOI of 0.2
and subsequently treated with 2,000 U of recombinant IFN-�/
ml. Differences in the amounts of upregulated ISGs should
then have disclosed possible interference in the IFN pathway.
Immunoblot analyses, however, revealed equal MxA protein
levels in mock-infected and BRSV-infected cells treated with

exogenous IFN-� (Fig. 3). Thus, the lack of ISG expression in
BRSV-infected cells is due not to defects in IFN signaling but
to a more upstream event in the IFN defense pathway. In
addition, RSV protein levels were not significantly reduced in
IFN-treated infected cells compared to untreated control cells,
showing the high IFN resistance capacity of BRSV.

FIG. 1. BRSV NS deletion mutants but not wt BRSV induce ISGs. Shown are Western blot analyses of MxA expression in MDBK (A) and
HEp-2 (B) cells and of STAT-2 in MDBK (C) and HEp-2 (D) cells. Cells were mock infected or infected at an MOI of 0.2 with BRSV wt and
BRSV �NS1/2. As a control for upregulation of ISGs, mock-infected cells were treated with 2,000 U of recombinant IFN-� A/D per ml. Cells were
harvested 24 and 48 h postinfection as indicated, and equal amounts of cell extract were subjected to SDS-PAGE followed by detection of MxA,
STAT-2, BRSV N protein, and PCNA as a loading control.

FIG. 2. Induction of MxA is delayed in BRSV �NS1-infected cells.
MDBK cells were mock infected or infected at an MOI of 0.2 with
BRSV wt, BRSV ��S1, or BRSV ��S2. When indicated, 2,000 U of
IFN-� A/D per ml was added immediately after infection. Cells were
harvested 16, 24, and 40 h postinfection, and equal amounts of cell
extract were subjected to SDS-PAGE followed by detection of MxA,
BRSV N and P protein, and PCNA.
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BRSV prevents production of IFN. We were then interested
to see whether the lack of ISG upregulation in BRSV-infected
cells was caused by a lack of IFN production. To investigate
whether biologically active IFN was present in the superna-
tants of MDBK and HEp-2 cells infected with wt BRSV or
BRSV �NS1/2, we used an assay system based on RV, which is
IFN sensitive in MDBK cells (36). Supernatants of BRSV- and
BRSV �NS1/2-infected MDBK and HEp-2 cells were har-
vested 24, 48, and 72 h postinfection and incubated at 56°C for
30 min to inactivate replication-competent virus. RV-infected
MDBK cells were then incubated with the inactivated super-
natants, and RV titers were determined 2 days postinfection.
All supernatants of BRSV �NS1/2-infected MDBK and HEp-2
cells were able to suppress RV replication about 3 log10 units,
demonstrating the presence of active IFN (Fig. 4). However,
supernatants taken from wt BRSV-infected cells did not influ-
ence RV titers significantly compared to control supernatants,
indicating that in cells infected with wt BRSV production of
IFN is prevented.

The presence of IFN-� in supernatants of HEp-2 cells in-
fected with wt BRSV or BRSV �NS1/2 was shown after TCA
precipitation of supernatant protein and Western blot analysis
with polyclonal antibody to human IFN-�. At 37 h postinfec-
tion, a prominent band was present in the material from cells
infected with BRSV �NS1/2 (Fig. 4B). In contrast, and in spite
of heavy virus replication, a clear signal for IFN-� was not
observed for wt BRSV. This demonstrated the induction of
endogenous IFN-� expression by BRSV �NS1/2 and the ability
of wt BRSV to interfere with induction.

Infection by BRSV prevents transcription from the IFN-�
gene promoter. To address the mechanisms of BRSV involved
in preventing IFN-� induction, we made use of a reporter
construct harboring the entire IFN-� gene promoter-enhancer.
Cultures of HEK 293 cells were transiently transfected with
p125luc (52) followed by infection with wt BRSV or BRSV
�NS1/2. Whereas in wt BRSV-infected cells only a slight two-
fold induction of the IFN-� enhancer was observed in compar-
ison to mock-infected cells, in BRSV �NS1/2-infected cells a
strong sevenfold induction was noted (Fig. 5A). The specificity

of IFN-� promoter induction by BRSV �NS1/2 was further
suggested by inclusion of plasmids encoding functional IRF-3
or a truncated, dominant-negative mutant of IRF-3 (�IRF-3).
Whereas the IRF-3-encoding plasmid increased luciferase ex-
pression in BRSV �NS1/2-infected cells by approximately an-
other twofold, the dominant-negative IRF-3 reduced luciferase
levels to those observed with mock- or BRSV wt-infected cells
(Fig. 5A).

In another experiment, the capacity of BRSV to block IFN-�
promoter activity in the presence of an additional trigger was
challenged. Mock- or BRSV-infected cells were transfected
with increasing amounts of poly(rI):poly(rC), a dsRNA analog
known to induce IFN production. Poly(rI):poly(rC) was not
able to stimulate the IFN-� promoter in BRSV-infected cells,
whereas a dose-dependent increase in luciferase activity was
observed in mock-infected cells (Fig. 5B).

Infection by BRSV specifically blocks IRF-3 activation. In-
duction of the IFN-� promoter is known to require the binding
of transcription factors NF-�B, IRF-3, and AP-1 (dimers of
ATF-2 or heterodimers of ATF-2/c-Jun), which are activated
in response to virus infection. To assess the activation state of
these three transcription factors, transient reporter gene ex-
pression assays were carried out in HEK 293 cells that had
been mock infected or infected with wt BRSV or BRSV
�NS1/2. Cells were transfected with plasmids encoding lucif-
erase under the control of binding sites for NF-�B (PRD II;
p55A2Luc) or IRF-3 (PRD I; p55CIBLuc) (52) or binding sites
for AP-1 (pAP-1Luc; Stratagene). As predicted, in BRSV
�NS1/2-infected cells all three transcription factors were found
to be active. However, in cells infected with wt BRSV, activa-
tion of luciferase from the IRF-3-driven plasmid was clearly
impaired, whereas NF-�B- or AP-1-driven expression was not
affected (Fig. 6A to C). Thus, the IRF-3 pathway is the target
of NS protein in preventing IFN-� induction.

C-terminal phosphorylation of IRF-3 is a prerequisite for its
nuclear localization, association with CBP/p300 coactivators,
and activation of the IFN-� gene transcription. The phosphor-
ylation status of IRF-3 is readily detectable in virus-infected
cells since phosphorylated IRF-3 migrates slower in SDS-
PAGE than nonphosphorylated IRF-3 does. To investigate
whether phosphorylated IRF-3 is present in BRSV-infected
cells, HEK 293 cells were mock infected or infected with
BRSV or BRSV �NS1/2 and harvested 8 h postinfection. Nu-
clei were prepared as described in Materials and Methods, and
equal amounts of nuclear extract, or cytosolic extract as a
control, were subjected to SDS-PAGE. In cells infected with
BRSV �NS1/2 substantial amounts of phosphorylated IRF-3
were detectable in nuclear extracts (Fig. 6D). However, in
nuclear extracts of wt BRSV-infected cells no slower-migrating
form of IRF-3 was present, indicating that in the presence of
the NS proteins NS1 and NS2 phosphorylation of IRF-3 is not
possible.

DISCUSSION

In the present study we provide evidence that BRSV has the
capacity to block the early stages of the IFN response to virus
infection by interfering with the activation of IRF-3, thereby
preventing induction of IFN-� and the establishment of an
antiviral state. This novel function is correlated with the pres-

FIG. 3. BRSV wt does not interfere with IFN signaling and induc-
tion of ISGs by IFN. MDBK cells were mock infected or infected at an
MOI of 0.2 with BRSV wt. When indicated, 2,000 U of IFN-� A/D per
ml was added immediately after infection. Cells were harvested 24 or
48 h postinfection, and equal amounts of cell extract were subjected to
SDS-PAGE followed by detection of MxA, BRSV N protein, and
PCNA.
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ence of the NS proteins NS1 and NS2. Recombinant BRSV
lacking either NS1 or NS2 or both NS proteins efficiently
induces IFN and ISGs in infected cells. Though not able to
completely prevent IFN induction, the NS2 protein present in
BRSV �NS1 virus is able to at least inhibit IFN induction.

The first indication of an impaired IFN response in BRSV-
infected cells was observed in the bovine MDBK cell line. Infec-
tion with the NS deletion mutant BRSV �NS1/2 led to the suc-
cessful establishment of an antiviral state indicated by increased
expression levels of ISGs, including STAT-1, p48, dsRNA-acti-
vated protein kinase (data not shown), STAT-2, and, in particu-
lar, MxA, the expression of which is tightly regulated and induced
specifically by IFN (1, 21). However, in cells infected with wt
BRSV, this ISG upregulation was not observed, suggesting the
involvement of the NS proteins in blocking one or several steps in
the cellular IFN pathway. Similar results were also obtained in a
human cell line harboring an intact IFN system, HEp-2 cells,

confirming the finding of an obstructed cellular IFN pathway in
BRSV-infected MDBK cells.

As several members of the subfamily Paramyxovirinae, such
as Simian virus 5, Human parainfluenzavirus 2, or Sendai virus,
are able to interfere with IFN signaling and thus prevent up-
regulation of ISGs (11, 15, 51), we first investigated whether
BRSV was able to inhibit IFN JAK/STAT signaling. This path-
way, however, was not affected in BRSV-infected cells, since
small amounts of IFN added to infected and to noninfected
cells caused a similar and strong induction of MxA and other
ISGs. Therefore, an impaired production and/or secretion of
IFN was suggested instead.

To test for IFN activity in the supernatant of BRSV-infected
cells, we used an assay based on the IFN sensitivity of RV in
MDBK cells (36). Whereas IFN antiviral activity was readily
detectable in supernatants from cells infected with BRSV
�NS1/2, we could not detect IFN activity in supernatants from

FIG. 4. (A) IFN activity in supernatants of infected MDBK and HEp-2 cells. Cells were mock infected or infected at an MOI of 0.2 with BRSV
wt or BRSV �NS1/2. Supernatants were harvested 24, 48, and 72 h postinfection and transferred onto RV-infected MDBK cells. RV titers were
determined 2 days postinfection. Error bars indicate standard deviations. (B) IFN-� is expressed in BRSV �NS1/2-infected but not in wt
BRSV-infected HEp-2 cells. Supernatant proteins were precipitated with TCA, and IFN-� was identified in a Western blot made with a polyclonal
anti-human IFN-� serum. RSV N protein in cell extracts and NS2 mRNA in total RNA were demonstrated by Western blotting with an anti-RSV
serum and an NS2-specific cDNA hybridization probe, respectively, at 37 h postinfection.
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cells infected with wt BRSV up to 3 days postinfection. IFN-�
was not present in the supernatants of wt BRSV-infected cells,
in contrast to those of BRSV �NS1/2-infected cells, pointing
toward a function for the NS proteins in interfering with the
pathway leading to induction of IFN gene expression. There-
fore, we directly looked at IFN-� gene promoter activity by
using established reporter gene assays. While cells infected
with the double deletion mutant BRSV �NS1/2 displayed high
levels of IFN induction, only a minor increase in IFN-� gene
promoter activity could be detected in BRSV wt-infected cells,
indicating that BRSV is able to block the induction of IFN-�
during the course of viral infection or, as a potential alterna-
tive, does not produce a suitable trigger for induction of IFN,
such as dsRNA or protein. Transfection of poly(rI):poly(rC)
led to a dose-dependent stimulation of IFN-� gene promoter
activity in noninfected cells. However, in BRSV-infected cells
the dsRNA-triggered IFN induction was completely sup-
pressed by BRSV, suggesting an active block of the IFN in-

duction pathway. In addition, superinfection experiments have
indicated that wt BRSV is also able to diminish IFN induction
by BRSV �NS1/2 (46a), which is consistent with the ability to
block IFN induction by dsRNA.

Induction of IFN-� expression is controlled by an enhanceo-
some that binds three distinct transcription factor complexes in
the context of chromatin-organizing proteins (12, 17, 32, 44–
46, 48). Each of these complexes, IRF-3, NF-�B, and ATF-2/
c-Jun, becomes activated following protein phosphorylation
events induced in response to viral infection. To reveal the
activity of these transcription factors in BRSV-infected cells,
assays were performed in which the reporter gene, luciferase,
was under the transcriptional control of the binding site for the
individual transcription factors. As could be expected from the
successful induction of IFN by the BRSV �NS1/2 gene dele-
tion virus, all three transcription factors were activated in cells
infected with this mutant. Interestingly, NF-�B- and AP-1-
driven expression of luciferase was equal in BRSV �NS1/2-
and wt BRSV-infected cells, suggesting that activation of these
factors is not affected by BRSV. However, a striking reduction
of activity was observed for IRF-3-controlled expression, sug-
gesting the IRF-3 activation pathway as a specific target of the
BRSV NS proteins.

The C-terminal phosphorylation of IRF-3 following virus
infection or dsRNA stimulation is mediated by a unique VAK
activity and leads to conformational changes in the IRF-3
protein, triggering its association with the CBP/p300 coactiva-
tor and stimulation of transcriptional activity (30, 37, 40, 52).
We therefore investigated whether this activity was impaired in
BRSV wt-infected cells by appraising the phosphorylation
state of IRF-3 in these cells. While phosphorylated IRF-3 was
present in the nuclei of BRSV �NS1/2-infected cells, we were
not able to detect phosphorylated IRF-3 in cytoplasmic or
nuclear extracts of BRSV wt-infected cells. This provides an
explanation for the complete inhibition of IFN-� induction
after BRSV infection and defines activation of IRF-3 by the
VAK or the upstream activation of VAK by a virus-specific
pattern as a target of BRSV NS proteins.

How cells sense viral entry or replication is only poorly
understood. It is generally accepted that dsRNA that might be
generated during virus infection serves as a major recognition
pattern (for a review see reference 24). The mammalian Toll-
like receptor 3 senses dsRNA (3) and leads to IRF-3 activation
and IFN-� induction via specific adaptor molecules (TICAM-1
[31] or TRIF [50]). Recently, tenOever et al. showed that
IRF-3 is not only associated with but also directly activated by
a viral protein, the measles virus nucleocapsid protein (43).
RSV NS proteins are assumed to be associated with RSV
nucleocapsid structures, as NS1 is able to bind viral M protein
(13) and NS1 and NS2 affect replication of RSV model ge-
nomes (5). The ability of BRSV NS proteins to prevent virus-
independent, poly(rI):poly(rC)-triggered IFN induction dem-
onstrates active interference with a cellular pathway, rather
than a possible function in just hiding a virus pattern that might
lead to activation of the IFN alert. Further studies aimed at
elucidating the mechanism by which NS-deficient BRSV in-
duces IFN and the NS proteins interfere with the pathway(s)
leading to IFN gene expression may help us to gain more
insight into the intricate mechanisms by which cells are able to
recognize and respond to virus infection.

FIG. 5. Virus-induced activation of the IFN-� enhancer. (A) HEK
293 cells were transfected with a luciferase construct driven by the
IFN-� promoter-enhancer (p125luc) and, as indicated, cotransfected
with plasmids encoding IRF-3 or a dominant-negative IRF-3 mutant
(�IRF-3). Ten hours posttransfection cells were infected at an MOI of
0.2 with BRSV wt or BRSV �NS1/2. Cell lysates were harvested 14 h
postinfection and assayed for luciferase activity. Relative light units are
given as fold induction and represent the mean values of four inde-
pendent experiments with error bars indicating standard deviations.
(B) BRSV wt inhibits IFN induction triggered by poly(rI):poly(rC).
HEK 293 cells were mock infected or infected with BRSV wt at an
MOI of 0.25. Twelve hours postinfection, cells were transfected with
p125luc and the indicated amounts of poly(rI):poly(rC). Luciferase
assays were done 24 h posttransfection. Relative light units are given as
fold induction and represent the mean values of three independent
experiments. Error bars indicate standard deviations.
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It is becoming increasingly clear that many viruses have
acquired functions that allow them to simultaneously target
different steps of the cellular innate response to virus infection.
In particular, it appears necessary to prevent the action of IFN
or of IFN-induced antiviral proteins, as the IFN alert may be
triggered by companion, opportunistic, or competitor patho-
gens. IFN resistance appears important for a virus like BRSV,
which is a major agent of the multifactorial enzootic broncho-
pneumonia. In addition, it appears worthwhile to prevent IFN
induction, as observed here for BRSV. Intriguingly, other
paramyxoviruses as well are able to concurrently interfere with
both IFN induction and IFN action. Reminiscent of the situ-
ation with BRSV is that the same proteins are involved in the
two functions. The V proteins of simian virus 5 and human
parainfluenzavirus 2 trigger STAT-1 and STAT-2, respectively,
to degrade, thus preventing IFN signaling and the induction of
ISGs (4). As revealed recently, they also prevent the induction
of IFN-�, however, and in contrast to BRSV NS proteins,
interfere with the activation of both NF-�B and IRF-3 (22, 33).
Also the Sendai virus V protein was found to be active in
preventing IFN induction (33), although in this case another
protein, the C protein, rather than V, interfered with JAK/
STAT signaling (16, 27).

The ability of viruses such as BRSV to prevent IFN-� induction
is certainly of great importance not only with respect to the im-

mediate antiviral activities of some ISGs but also with respect to
the outcome of adaptive immunity, as alpha/beta IFNs are known
to be potent enhancers of immune responses (2, 26, 29, 34).
Therefore, RSV NS deletion mutants appear to be promising
candidates for attenuated live vaccines with improved immuno-
genic potential, as supported by recent work (46a).
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