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The induction and inhibition of the interferon (IFN) response and apoptosis by bovine viral diarrhea virus
(BVDV) has been examined. Here we show that prior infection of cells by noncytopathogenic BVDV (ncp BVDV)
fails to block transcriptional responses to alpha/beta IFN. In contrast, ncp BVDV-infected cells fail to produce
IFN-�/� or MxA in response to double-stranded RNA (dsRNA) or infection with a heterologous virus (Semliki
Forest virus [SFV]). ncp BVDV preinfection is unable to block cp BVDV- or SFV-induced apoptosis. The effects
of ncp BVDV infection on the transcription factors controlling the IFN-� induction pathway have been
analyzed. The transcription factor NF-�B was not activated following ncp BVDV infection, but ncp BVDV
infection was not able to block the activation of NF-�B by either SFV or tumor necrosis factor alpha.
Furthermore, ncp BVDV infection did not result in the activation of stress kinases (JNK1 and JNK2) or the
phosphorylation of transcription factors ATF-2 and c-Jun; again, ncp BVDV infection was not able to block
their activation by SFV. Interferon regulatory factor 3 (IRF-3) was shown to be translocated to the nuclei of
infected cells in response to ncp BVDV, although DNA-binding of IRF-3 was not seen in nuclear extracts. In
contrast, an IRF-3–DNA complex was observed in nuclear extracts from cells infected with SFV, but the
appearance of this complex was blocked when cells were previously exposed to ncp BVDV. We conclude that the
inhibition of IFN induction by this pestivirus involves a block to IRF-3 function, and we speculate that this may
be a key characteristic for the survival of pestiviruses in nature.

Bovine viral diarrhea virus (BVDV) is associated with a wide
variety of disorders of cattle; infection is common, but the
severity of the outcome ranges from subclinical or very mild in
the majority of cases to fatal mucosal disease. BVDV is a
pestivirus within the family Flaviviridae, and virus strains fall
into two biotypes, which differ according to their pathogenicity
in certain cultured cells: one causes no visible cytopathology,
while the other induces cell death through apoptosis (18, 48).
Experimental infection of calves with each virus usually results
in mild transient viremia and few disease signs. However, in-
fection of a cow during pregnancy with a virus of the noncy-
topathogenic biotype (ncp BVDV) can result in more-pro-
nounced effects. Abortion or teratogenic effects are common
(27), but strikingly, infection during the first 120 days of preg-
nancy can result in the birth of persistently infected (PI) calves.
Field observations together with experimental reproduction of
mucosal disease have shown that cattle persistently infected
with ncp BVDV develop mucosal disease after superinfection
by cytopathogenic virus (cp BVDV). In contrast to strains of

the ncp BVDV biotype, experimental infection of a fetus with
cp BVDV does not lead to an established virus persistence (7).

Apart from the induction of cell death in infected cells, there
is an additional difference between ncp BVDV and cp BVDV,
in their interactions with the innate immune response: cp
BVDV has been shown to induce interferon (IFN) in macro-
phages, whereas ncp BVDV lacks this ability (1). Importantly,
infection of a fetus with cp BVDV induces a significant IFN
response that is not observed following infection of a fetus with
ncp BVDV (8). Evading innate responses of the host is the first
step to establishing persistent infection in the absence of an
acquired immune response. PI calves born after fetal infection
with ncp BVDV then serve as the reservoir for acute virus
infection.

Infection of cultured cells with ncp BVDV has been shown
to enhance the replication of other viruses. In the case of
Newcastle disease virus (NDV), a paramyxovirus which in-
duces IFN and is sensitive to IFN, the enhancement has been
associated with a reduction in the titer of IFN induced in
BVDV-coinfected cultures (10). This enhancement is referred
to as the END (enhancement/exaltation of NDV) effect (20)
and has also been seen for an orbivirus (28). Furthermore, the
activity of poly(I)·poly(C), a synthetic double-stranded RNA
(dsRNA), against vesicular stomatitis virus (VSV) can be in-
hibited in BVDV-infected cells (30), and it has recently been
shown that BVDV blocks the induction by dsRNA of IFN in
bovine monocyte-derived macrophages (34). The mechanism
of the BVDV block is not known: IFN induction by viruses
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such as NDV in fibroblastoid cell types occurs in two phases, a
primary induction phase that produces IFN-� and a secondary
phase that produces IFN-� (reviewed by Taniguchi et al. [39]).
Since the secondary phase depends on the products of IFN-
induced gene expression, BVDV could limit IFN yield by
blocking either the primary induction or the secondary IFN
response. The enhancement of heterologous viruses in culture
is likely to be a reflection of the ability of ncp BVDV to inhibit
the stimulation of innate immune responses, and it is likely that
this inhibition of innate immunity accounts for the virus per-
sistence that follows fetal infection.

In this paper we investigate the mechanism used by ncp
BVDV to avoid stimulating innate immune responses in cell
culture as a model of infection of the fetus. We have examined
the induction of cell death, the expression of a virus infection-
and IFN-induced polypeptide, MxA (19), and the induction of
IFN-� in fibroblastoid cells infected by both BVDV and a
model heterologous virus, Semliki Forest virus (SFV). The
results show that ncp BVDV specifically targets the transcrip-
tion factor IRF-3 (interferon regulatory factor 3) by preventing
binding to DNA, resulting in a block to the direct virus induc-
tion of genes such as the MxA and IFN-� genes.

MATERIALS AND METHODS

Viruses and cells. Cloned BVDV strains C874-ncp, C874-cp (13), Pe515-ncp,
and Pe515-cp (6) were obtained from M. C. Clarke (Institute for Animal
Health), and stocks were prepared in calf testis cell cultures (CaTe cells) main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 2%
fetal calf serum free of both BVDV and anti-BVDV antibody or 2% chick serum.
SFV was obtained from T. F. Davison (Institute for Animal Health), and stocks
were prepared in 10-day-old embryonated hens’ eggs. CaTe cells were used
between passages 4 and 7 and were grown in DMEM supplemented with 10%
fetal calf serum free of both BVDV and anti-BVDV antibody.

Antisera. An antiserum against human MxA was obtained from P. Staeheli,
Freiburg, Germany, and used at a dilution of 1:800. A bovine hyperimmune
antiserum (39/97) was obtained from a gnotobiotic calf that had been challenged
with Pe515 ncp BVDV and was used at a dilution of 1:5,000. Rabbit antisera
raised against a phosphospecific peptide of the activated (phosphorylated) form
of stress-activated protein kinase/c-Jun NH2-terminal kinase (SAPK/JNK) and
the phosphorylated forms of ATF-2 and c-Jun transcription factors were pur-
chased from New England Biolabs UK (Hitchin, United Kingdom) and used at
1:1,000. A rabbit antiserum directed against IRF-3 (29) was kindly given by
Lorena Navarro (University of California, San Francisco). The rabbit antiserum
against IRF-2 has been described previously (45), and rabbit antisera against
IRF-1 and p48 (IRF-9) were prepared against His-tagged and purified recom-
binant proteins (P. King and S. Goodbourn, unpublished data). Mouse mono-
clonal anti-poly(ADP-ribose) polymerase (PARP) was kindly given by G. Poirier
(Quebec, Canada). An anti-rabbit–horseradish peroxidase (HRP) conjugate
(used at 1:2,500), an anti-bovine–HRP conjugate (used at 1:5,000), and a fluo-
rescein isothiocyanate (FITC)-conjugated goat anti-rabbit serum were obtained
from Sigma-Aldrich (Poole, United Kingdom). An ALEXA-488-conjugated
goat-anti rabbit serum was obtained from Molecular Probes (Eugene, Oreg.)

BVDV infection of CaTe cells. (i) Infection with ncp BVDV. CaTe cells at an
appropriate confluency were inoculated with ncp BVDV at a multiplicity of
infection (MOI) of approximately 1 to 3 PFU per cell. Infection of cells was
carried out for 1 h at 37oC, after which the inoculum was removed and replaced
with warm DMEM containing 2% fetal calf serum or 2% chick serum for the
relevant time. Mock infection was carried out with DMEM and fetal calf serum
or chick serum, or, in the case of immunofluorescence studies, with CaTe-
conditioned DMEM with 2% chick serum. Cells at low confluency were used for
immunofluorescence studies; in other cases, cells were used when confluent.

(ii) Infection with cp BVDV. CaTe cells or CaTe cells infected with ncp BVDV
for 48 h were infected at 2 to 3 PFU/ml with cp BVDV prepared in CaTe cells
for 1 h at 37oC. At appropriate times thereafter, these cells were analyzed for
MxA expression and NF-�B induction.

Plaque formation by SFV and infection of cells with SFV. For superinfection
studies, mock-infected cells or cells infected with ncp BVDV were maintained at

37oC for 48 h. For assay of SFV plaque development, ncp BVDV-infected and
control CaTe cells in 6-well plates were infected with serial dilutions of SFV and
overlaid with 1% agarose in maintenance medium (DMEM supplemented with
2% fetal calf serum). After various times at 37°C, the cells were stained with
0.1% toluidine blue. Plaque size was measured by using a magnifying graticule.

For assay of MxA expression, mock-infected or ncp BVDV-infected cultures
were infected with SFV at a low MOI (0.01 PFU/cell). For preparation of nuclear
extracts, immunofluorescence microscopy, cleavage of PARP, activation of JNK,
and RNA extraction, cells were infected with SFV at a high MOI (�10 PFU/
cell).

Titration of poly(I)·poly(C) and IFN in mock-treated and ncp BVDV-infected
CaTe cells. Confluent monolayers of CaTe cells in 24-well plates were mock
treated with CaTe-conditioned medium (DMEM with 2% chick serum) or in-
fected with ncp BVDV (from CaTe cells in DMEM with 2% chick serum), strain
C874, at a high MOI (1 to 2 PFU per cell). After 48 h at 37°C, the medium was
removed and replaced with fresh maintenance medium containing either
poly(I)·poly(C) (at 13 concentrations between 1.0 ng/ml and 10 �g/ml: 1, 3.3, 6.6,
10, 33, 66, 100, 333, 666, 1,000, 3,300, 6,600, and 10,000 ng/ml) or recombinant
bovine IFN-�1 (Novartis, Basel, Switzerland) (at 12 concentrations between 0.01
and 1,000 IU/ml: 0.01, 0.033, 0.066, 0.1, 0.33, 1, 3.3, 10, 33, 100, 333, and 1,000
IU/ml). After 20 h at 37°C, cells were washed in phosphate-buffered saline (PBS)
and then processed by immunoblotting for MxA protein by using an anti-MxA
antiserum, followed by an anti-rabbit–HRP conjugate.

Immunoblotting. Cultured cells were treated with 8 M urea–10 mM Tris-HCl
(pH 6.8)–2% sodium dodecyl sulfate–2% 2-mercaptoethanol, subjected to elec-
trophoresis on a 10% polyacrylamide gel, and then transferred to a polyvinyli-
dene difluoride membrane (Amersham Pharmacia Biotech). The membrane was
blocked with 5% skim milk in PBS plus 0.1% Tween 20 (PBS-T) and was then
incubated in the primary antibody, usually diluted in PBS-T containing 5% skim
milk at room temperature for 1 h, or according to the manufacturer’s instruc-
tions. After four washes in PBS-T, the membrane was incubated in the secondary
antibody for 1 h. The membrane was washed four times in PBS-T and then
incubated with an enhanced chemiluminescence detection reagent (ECL; Am-
ersham Pharmacia Biotech) according to the manufacturer’s instructions and
exposed to film.

IFN-�/� titration. IFN-�/� responses in CaTe cells were determined by an
MxA/chloramphenicol acetyltransferase (CAT) reporter gene assay as previously
described (14). In brief, 106 MDBK-t2 cells were seeded into 6-well plates and
cultured in 2 ml of medium. After overnight incubation, the medium was re-
placed with 1 ml of the test sample diluted 1:5 in medium containing 2% fetal calf
serum. Virus was inactivated in test samples by heating at 56°C for 30 min. The
heated samples were run in parallel with standard amounts (0.125 to 250 IU/ml)
of recombinant bovine IFN-�1. All samples were set up in duplicate and cultured
for an additional 24 h at 37°C. CAT expression in cell lysates was then deter-
mined by using a commercial enzyme-linked immunosorbent assay kit (Roche
Molecular Biochemicals: Mannheim, Germany), and the values were used to
determine IFN-�/� levels.

RNA isolation and RNase protection. Total cellular RNA was prepared from
9-cm plastic petri dishes of confluent cultures of CaTe cells by using the acid
phenol method and was analyzed by RNase protection as described previously
(49) using a probe for bovine IFN-�1 that cross-reacts with all three known
bovine IFN-� transcripts (corresponding to nucleotides 37 to 270 of the bovine
IFN-� coding sequences) and a mouse �-actin probe that protects transcripts
from all mammalian species examined (12).

Electrophoretic mobility shift assays (EMSAs). Nuclear extracts were pre-
pared as previously described (45) from 9-cm dishes of confluent CaTe cells.
Protein concentrations were determined by a Bradford assay (Bio-Rad), and
10-�g aliquots of extracts were assayed by using the PRD II element from the
human IFN-� promoter as a probe for NF-�B, as described by Visvanathan and
Goodbourn (41), or by using the ISG15 promoter as a probe for IRF binding, as
described by Wathelet et al. (43). To identify the components of individual
complexes, standard reaction mixtures were pretreated with specific antisera for
1 h at 4°C before the addition of probe.

Immunofluorescent staining. Monolayers of CaTe cells were grown on cover-
slips; when they reached approximately 25% confluency, they were either mock
treated or infected with ncp BVDV C874 (2 to 3 PFU/cell). After incubation at
37°C, cells were washed once with PBS and were mock infected or infected with
SFV (2 to 3 PFU/cell) or cp BVDV C874 (2 to 3 PFU/cell). The superinfecting
virus was allowed to adsorb for 1 h at 37°C, after which the inocula were replaced
by maintenance medium and the cultures were incubated for a further 6 to 7 h
(SFV) or 24 h (cp BVDV).

Cells on coverslips were rinsed once with PBS and once with PIPES [pipera-
zine-N,N�-bis(2-ethanesulfonic acid)] buffer (100 mM PIPES [pH 6.8], 2 mM
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MgCl2, 2 mM EGTA) and then were fixed for 30 min with 4% paraformaldehyde
in PBS, followed by treatment in 0.5% Triton X-100 in PBS for 10 min. Cells
were washed three times with PBS and then incubated in blocking buffer (5%
normal goat serum in PBS) for 30 min at ambient temperature. Cells were
incubated overnight at 4°C with a primary antibody diluted in blocking buffer,
with gentle agitation, and then rinsed four times in PBS. This was followed by
incubation with a fluorescent secondary-antibody conjugate (FITC conjugated
for standard immunofluorescence; ALEXA-488 conjugated for confocal micros-
copy), diluted in blocking buffer, for 1 h at ambient temperature. Coverslips were
rinsed four times in PBS and then mounted in DABCO mounting medium (2.5%
DABCO and 80% glycerol in PBS) for viewing under either a conventional
fluorescent microscope or a confocal microscope.

RESULTS

Enhancement of plaque formation by ncp BVDV in CaTe
cells. In cultured cells, ncp BVDV enhances the formation of
virus plaques induced by NDV (20) and orbiviruses (28). We
have tested whether this effect also occurs with SFV by using
CaTe cells (passages 4 to 7). Parallel cultures of CaTe cells
were set up and either mock infected or infected with ncp
BVDV for 48 h; both were subsequently infected with SFV.
Cultures were fixed at time points up to 3 days after SFV
infection, and the sizes of well-separated plaques were mea-
sured (Fig. 1). Plaques were first seen at 18 h after infection by
SFV, but at 24 h no difference in SFV plaque formation was
observed between ncp BVDV-infected and control cultures.
However, an increase in the size of SFV plaques in ncp BVDV-
infected CaTe cells was apparent on the second and third days
of incubation relative to the control cultures. Additionally, it
appeared that plaque enhancement occurred only after the
plaques reached a diameter of 1.5 mm. In unenhanced cul-
tures, SFV plaques failed to increase in size beyond this point.
The conclusion from these results was that SFV behaves like
NDV in terms of the classical END effect.

Kinetics of apoptosis induced by SFV in ncp BVDV-infected
CaTe cells. Although the initial rate of SFV plaque growth
appeared to be the same for both control and ncp BVDV-
infected CaTe cells, we sought to characterize this further by
examining the kinetics of SFV-induced apoptosis. To ensure
synchronous infection of all cells, ncp BVDV-infected and
control CaTe cells were exposed to SFV at a high MOI (10
PFU per cell) and extracts were prepared at intervals up to 8 h

postinfection, by which time extensive cell death was observed.
The cleavage of PARP was examined to serve as a sensitive
marker of apoptosis. The results of immunoblot analysis using
an antibody against PARP (11) are shown in Fig. 2. In both sets
of cultures the 83-kDa caspase cleavage product of PARP was
first observed late in the infectious cycle of SFV, at 4 to 5 h
after infection. This experiment demonstrated that preinfec-
tion of CaTe cells with ncp BVDV does not alter the kinetics
of apoptosis induced by SFV.

Induction of IFN-stimulated gene expression in ncp BVDV-
infected CaTe cells. The observation that SFV infection of
CaTe monolayers gave rise to larger plaques if cells had been
preinfected with ncp BVDV parallels the END effect. The
enhancement of NDV replication has been associated with the
IFN system (28), which may indicate that ncp BVDV can
interfere with the innate antiviral activities of cells. To test
whether the cellular antiviral response was compromised in
ncp BVDV-infected cells, we have examined induction of the
MxA protein, a cellular product that is known to be induced
both directly by viral infection and by virus-induced IFN-�/�
(19). ncp BVDV-infected and control cells were infected with
SFV at approximately 0.01 PFU per cell and were incubated
overnight; samples were processed for immunoblotting with an
anti-MxA antiserum. The results (Fig. 3a) demonstrated that
while the MxA polypeptide was clearly induced in cells in-
fected with SFV alone, it was not induced in cells infected with
ncp BVDV or with both ncp BVDV and SFV. Infection by ncp
BVDV appears to prevent the initiation or elaboration of the
cellular antiviral response to SFV infection.

We next examined whether ncp BVDV could similarly block
the ability of cp BVDV strains of to induce MxA in CaTe cells,
since cp BVDV has been reported to induce IFN-�/� (1, 8, 34).
CaTe cells were either mock infected or infected with ncp
BVDV, incubated for 2 days, and then infected with cp BVDV
(nominally 2 to 3 PFU per cell); after 24, 48, and 72 h they were
examined for expression of cp BVDV-specific antigen (NS3)
and MxA by Western blot analysis. The results showed that cp
BVDV induced the synthesis of MxA protein from 24 h postin-
fection (Fig. 3b), but MxA was not detected in cells previously
infected with ncp BVDV (Fig. 3c). We confirmed that cp
BVDV was able to infect cells previously infected with ncp
BVDV by detecting the cp BVDV-specific polypeptide NS3 at

FIG. 1. Enhancement of SFV plaque formation by ncp BVDV.
CaTe cells were either mock infected or infected with ncp BVDV (1 to
2 PFU/cell) and subsequently infected with dilutions of SFV. Cultures
were fixed and stained between 18 and 66 h, and the sizes of SFV-
induced plaques were measured. The figure shows the average size 	
standard error of the mean of 40 to 50 plaques under each experimen-
tal condition in two independent experiments.

FIG. 2. ncp BVDV does not affect induction of apoptosis by SFV.
CaTe cells were either infected with ncp BVDV (1 to 2 PFU/cell) or
left uninfected and were subsequently infected with SFV at �10 PFU/
cell. Cells were harvested in sample buffer at hourly intervals from 2 to
8 h postinfection and were subjected to immunoblotting using an
anti-PARP monoclonal antibody (11). (a) CaTe cells; (b) CaTe cells
previously infected with ncp BVDV. M, mock-infected cells.
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48 h postinfection and later (Fig. 3d and e), and observing
cytopathic effect (data not shown). Figure 3e provides confir-
mation that the cultures were infected with ncp BVDV.

Titration of dsRNA and IFN induction of MxA in ncp

BVDV-infected cells. The inhibition of virus induction of MxA
by ncp BVDV may have been caused by blocking either initi-
ation of an antiviral response (e.g., by its direct induction by
virus dsRNA) or its amplification by autocrine IFN production.
To distinguish between these possibilities, MxA induction was
measured in ncp BVDV-infected CaTe cells and compared
with that in uninfected cells. Cells were treated with a range of
concentrations of recombinant bovine IFN or poly(I)·poly(C),
and MxA expression was measured by Western blotting. The
results (Fig. 4) showed that MxA accumulated equally in mock-
infected and ncp BVDV-infected cells treated with IFN at
concentrations greater than or equal to 10 IU per ml added per
culture. In contrast, addition of dsRNA to the medium induced
MxA in uninfected cells at all concentrations from 10 ng/ml to
10 �g/ml, but MxA induction was not seen in ncp BVDV-

FIG. 3. ncp BVDV inhibition of virus induction of an IFN-stimu-
lated gene product, MxA. (a) ncp BVDV inhibition of MxA induction
by SFV in CaTe cells. Cells were either mock infected or infected with
ncp BVDV (1 to 2 PFU/cell) for 48 h. ncp BVDV-infected and mock-
infected cultures were subsequently infected with SFV (0.01 PFU/cell)
and incubated for 18 h. Cells were harvested in sample buffer and
subjected to immunoblot analysis with a rabbit antiserum against hu-
man MxA protein. (b through e) Time course of induction of MxA and
expression of viral NS3 and NS2/3 by cp BVDV in ncp BVDV-infected
CaTe cells. CaTe cells were either mock infected for 48 h (b and d) or
infected with ncp BVDV (1 to 2 PFU/cell) for 48 h (c and e). Cells
were then either mock treated or infected with cp BVDV (2 to 3
PFU/cell). At the times indicated, cells were harvested in sample buffer
and subjected to immunoblotting using either an antiserum against
human MxA (b and c) or a bovine antiserum against BVDV proteins
(d and e). MxA (a and b) or its expected position (c) is indicated.
NS2/3 and NS3 (d and e) are BVDV polypeptides.

FIG. 4. Effect of ncp BVDV infection on induction of MxA by
dsRNA or by IFN-� in CaTe cells. CaTe cells were either mock
infected (a and c) or infected at a high MOI with ncp BVDV (b and d)
for 48 h. Cells were then treated for 20 h with fresh medium containing
either various concentrations of recombinant bovine IFN-�1 (a and b)
or the synthetic dsRNA poly(I)·poly(C) (c and d) at increasing con-
centrations as described in Materials and Methods. Cells were har-
vested in sample buffer and subjected to polyacrylamide gel electro-
phoresis and immunoblotting using a rabbit antiserum against human
MxA. Lanes marked � in panels a and b indicate treatment with 10 �g
of poly(I)·poly(C)/ml. M, mock treated. MxA (a, b, and c) or its
expected position (d) is shown.
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infected cells, even at the highest concentration tested. We
concluded that it is likely the induction of an antiviral response
that is repressed in ncp BVDV-infected cells, since IFN sig-
naling to stimulate the biosynthesis of MxA was not compro-
mised at any concentration of IFN used in ncp BVDV-infected
cells.

Infection of cells by ncp BVDV blocks induction of IFN-� by
SFV. We next tested directly whether ncp BVDV inhibits IFN
induction by SFV in CaTe cells. The IFN titer was determined
on a bovine (MDBK) cell line transfected with an IFN-�/�-
responsive CAT gene (14). The results (Table 1) showed that
SFV induced IFN-�/� in CaTe cells to between 65 and 289
IU/ml in the medium at 24 h, increasing to more than 300
IU/ml after 48 h. In contrast, at least a 100-fold reduction in
IFN activity was detected following infection of CaTe cells
previously infected with ncp BVDV. ncp BVDV induced no
detectable IFN activity.

To confirm that the IFN activity contains IFN-�, we also
analyzed the production of IFN-� mRNA by RNase protection
assay. Cultures of CaTe cells either previously infected with
ncp BVDV or untreated were infected with SFV at approxi-
mately 5 PFU per cell, and mRNA was prepared at intervals
from 2 h to 8 h postinfection. Figure 5 shows that in cells
infected with SFV, several IFN-�-specific protected RNAs
were observed, in agreement with the fact that cattle have at
least three closely related IFN-� loci (23). In contrast, no
protection of the IFN-� probe was observed in cells that had
been previously infected with ncp BVDV. From these experi-
ments the conclusion was drawn that the presence of ncp
BVDV can interfere with induction of IFN-� gene transcrip-
tion by a heterologous virus.

Infection by ncp BVDV specifically blocks IRF-3 binding to
DNA. Since ncp BVDV blocks both IFN-� and MxA induction
by SFV and cp BVDV, it seems likely that a common signaling
pathway or transcription factor is targeted. Transient transfec-
tion analysis of a reporter gene under the control of an IFN-�
promoter demonstrates that the block is indeed operating at
the level of transcription (data not shown). Transcriptional
activation of the IFN-� promoter is well characterized and is
initiated by the binding of several transcription factors (a ho-
modimer of ATF-2 or a heterodimer of ATF-2/c-Jun, with
NF-�B and IRF-3) which are activated in response to virus
infection through the intermediate activity of protein kinases

(43); activation of IRF-3 is also probably required for direct
virus induction of MxA. ncp BVDV could block the activation,
nuclear localization, or DNA binding of any or all of these
transcription factors.

To assess the activation of NF-�B, EMSAs were carried out
on nuclear extracts from CaTe cells that had previously been
either mock infected or infected with either ncp BVDV or cp
BVDV. ncp BVDV did not result in activation of NF-�B, but
NF-�B activation was seen in cells infected by cp BVDV from
4 h after infection (Fig. 6a). To examine whether ncp BVDV
could block NF-�B activation, cells were first either mock
infected or infected with ncp BVDV and then infected with
SFV. The results showed (Fig. 6b) that NF-�B induction by
SFV is not impaired by preinfection of cells with ncp BVDV.
In addition, ncp BVDV preinfection was also unable to block
the induction observed with cp BVDV (Fig. 6c). These results
showed that ncp BVDV infection alone was incapable of in-
ducing NF-�B (in contrast to the properties of cp BVDV,
which behaved like SFV, albeit with a reduced NF-�B induc-
tion) and did not block its activation by virus.

NF-�B activation can be promoted by many stimuli, includ-
ing tumor necrosis factor alpha (TNF-�). It has been reported
that the antiviral effects of TNF-� are inhibited in ncp BVDV-
infected cultures (5, 35). To extend the observations above on
NF-�B induction by viruses, TNF-� induction of NF-�B in
BVDV-infected CaTe cells was examined. TNF-� added to 10
ng/ml led to NF-�B DNA binding activity in nuclear extracts of
both ncp BVDV-infected and mock-infected CaTe cells (Fig.
6d). The conclusions drawn from these experiments were that
NF-�B activation by a virus or TNF-� was not blocked by ncp
BVDV and correlated with the dominance of virus induced
apoptosis (48) rather than the apparently active inhibition of
the induction of MxA.

To assess the activation of c-Jun and ATF-2, the phosphor-
ylation state of JNK was determined by Western blotting with

FIG. 5. ncp BVDV inhibition of IFN-� gene transcription. CaTe
cells were first either mock infected or infected with ncp BVDV (1 to
2 PFU/cell) for 48 h and then either mock infected or infected with
SFV (5 PFU/cell) for the times indicated, or treated with
poly(I)·poly(C) (dsRNA) by addition to the medium at 100 �g/ml for
2 h. Total RNA was prepared from the cells and analyzed for the
presence of IFN-� and �-actin mRNAs by RNase protection. The actin
transcript is indicated. Multiple IFN-� transcripts are detected due to
the limited cross-homology to the bovine probe used and the existence
of at least three bovine IFN-� genes.

TABLE 1. Effect of ncp BVDV on IFN-�/� induction by SFV

Virus or cell treatmenta Mean IFN-�/�
titer (U/ml)

Range of
titer (U/ml)

Mock infected CaTe cells 0.0 0.0
ncp BVDV (24 h) 0.0 0.0
ncp BVDV-SFV (24 h) 1.8 0.8–3
SFV (24 h) 177 65–289
ncp BVDV (48 h) 0.0 0.0
ncp BVDV-SFV (48 h) 0.35 0.0–0.7
SFV (48 h) 
300 
300

a CaTe cells in 6-well plates were either mock infected or infected with ncp
BVDV at 1 to 2 PFU/cell and incubated for 2 days. Duplicate cultures were
subsequently infected with 100 PFU of SFV, and samples of medium were taken
at 24 and 48 h following infection with SFV. Following virus inactivation, samples
were analyzed for IFN-�/� production by a bovine IFN-�/� Mx-CAT reporter
assay (14).

VOL. 76, 2002 IFN-� INHIBITION BY NONCYTOPATHOGENIC BVDV 8983



phosphospecific antibodies. SFV stimulated the phosphoryla-
tion of JNK1 (molecular weight, 46,000 [46K]) and JNK2
(57K) in CaTe cells irrespective of their BVDV status (Fig.
7a). Similarly, no inhibition by BVDV of the phosphorylation
of SEK1/MKK4-inducing kinase was observed (data not
shown). Although both c-Jun and ATF-2 are constitutively
nuclear, they are activated by phosphorylation; antisera spe-
cific for the phosphorylated forms of c-Jun and ATF-2 were
used to examine CaTe cells infected with SFV alone or in
combination with ncp BVDV. ncp BVDV infection showed no
evidence for extensive phosphorylation of these factors. SFV
was found to induce nuclear immunofluorescence of CaTe
cells irrespective of whether or not the cells were infected with
BVDV (Fig. 7b).

To assess the activation of IRF-3, we carried out immuno-
fluorescence of CaTe cells using an IRF-3 antiserum. As ex-
pected, IRF-3 was present in the cytoplasm of uninfected cells
and is triggered to enter the nucleus in response to SFV in-

fection (Fig. 7b). This also occurred following infection with
both the ncp biotype of BVDV (Fig. 7b) and the cp biotype
(data not shown). Thus, ncp BVDV behaves like SFV in the
induction of IRF-3 translocation, which contrasts with the dif-
ferences observed in the activation of c-Jun and ATF-2, MxA
expression, and the induction of IFN-� synthesis.

To examine the DNA binding of IFN regulatory factors
(IRF), nuclear extracts were incubated with labeled DNA cor-
responding to the interferon-stimulated response element
(ISRE) from the ISG15 promoter. Individual complexes
formed on this probe were characterized with respect to their
IRF components by using specific antisera against IRF-1,
IRF-2, IRF-3, and IRF-9 (p48, a component of ISGF3) and a
control antiserum. The results (Fig. 8) show that complexes
containing IRF-1, IRF-3, and ISGF3 are formed within 2 h of
SFV infection; after prolonged infection, levels of the ISGF3-
and IRF-1-containing complexes decline, but this stage of in-
fection is accompanied by the appearance of complexes con-
taining IRF-2. Interestingly, there were no IRF-3- or ISGF3-
containing complexes in nuclear extracts prepared from cells
preinfected with ncp BVDV and then infected with SFV, al-
though production of IRF-1- and IRF-2-containing complexes
was unaffected. We presume that production of the IRF-3

FIG. 6. ncp BVDV has no effect on the induction of NF-�B. (a)
CaTe cells were either mock infected (M) or infected with either ncp
BVDV or cp BVDV (1 to 2 PFU/cell) for the indicated times. (b) CaTe
cells were either mock infected or infected with ncp BVDV (1 to 2
PFU/cell) for 48 h and then either mock infected or infected with SFV
(5 PFU/cell) for the times indicated. (c) CaTe cells were either mock
infected or infected with ncp BVDV (1 to 2 PFU/cell) for 48 h and
then either mock infected or infected with cp BVDV (1 to 2 PFU/cell).
(d) CaTe cells were either mock infected or infected with ncp BVDV
(1 to 2 PFU/cell) for 48 h and then either mock treated or treated with
human TNF-� (10 ng/ml) for 90 min. Nuclear extracts were prepared
from each experiment and analyzed by EMSA using the PRD II probe
from the human IFN-� gene (41). This probe is able to bind NF-�B as
the p65 homodimer and p50/p65 heterodimer and can also bind the
unrelated transcription factor RBP-J� (S. Goodbourn and K. Mellits,
unpublished data). The mobilities of the DNA-protein complexes are
indicated at the left of each panel.

FIG. 7. Activation of transcription factors in response to virus in-
fection. (a) Effect of ncp BVDV on phosphorylation of JNK in SFV-
infected CaTe cells. CaTe cells were either mock treated (first and
third lanes) or infected with ncp BVDV at a high MOI (second and
fourth lanes) for 48 h. Cells were then either mock treated (first and
second lanes) or infected with SFV (�10 PFU/cell) (third and fourth
lanes). At 5 h postinfection, cells were harvested in sample buffer, run
on a 10% minigel, and subjected to immunoblotting using a rabbit
antiserum against the phosphorylated (activated) forms of JNK1 (46K)
and JNK2 (57K). (b) Effects of ncp BVDV on phosphorylation and
nuclear localization of IFN-� enhanceosome transcription factors.
CaTe cells were either mock infected for 48 h (i, v, and ix), infected
with ncp BVDV at a high MOI for 48 h (ii, vi, and x), infected with
SFV at a high MOI for 6 h (iii, vii, and xi), or infected with SFV at a
high MOI for 6 h in cells preinfected with ncp BVDV for 48 h (iv and
viii). At these times cells were fixed, permeabilized, and then stained
using either a rabbit antiserum specific for the phosphorylated form of
c-Jun (i, ii, iii, and iv), an antiserum specific for the phosphorylated
form of ATF-2 (v, vi, vii, and viii), or an antibody detecting IRF-3 (ix,
x, and xi). For c-Jun-P and ATF-2-P, staining was revealed using a goat
anti-rabbit secondary antibody conjugated to FITC and was examined
using conventional fluorescence microscopy. For IRF-3, staining was
revealed using a goat anti-rabbit secondary antibody conjugated to the
fluorochrome ALEXA-488 and was examined using confocal micros-
copy.
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FIG. 7—Continued.
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complex precedes ISGF3 production and that the latter is
produced as a consequence of IFN production in response to
SFV infection, which is blocked by ncp BVDV preinfection.
This interpretation is consistent with the appearance of the
IRF-3 complex, but not ISGF3, after 60 min of SFV infection
and the observation that ISGF3 (but not IRF-3) induction is
sensitive to cycloheximide treatment (data not shown). These
results show that ncp BVDV affects the assembly of DNA–
IRF-3 complexes while apparently not affecting IRF-3 trans-
location.

DISCUSSION

BVDV, like other pestiviruses, can infect the fetus, and if the
fetus is infected during the first 3 months of pregnancy, a PI
calf may be born. In this early phase of pregnancy, the capacity
to generate an acquired immune response to a virus has yet to
develop, and virus elimination is expected to occur through
innate immunity. The survival of the virus in the fetus is there-
fore likely to depend on avoiding stimulation of innate immune
responses, or on the virus being refractory to their action. In
the cell culture system we have studied, ncp BVDV, the virus
biotype that is present in PI calves, fails to induce an IFN
response. By studying the effect of ncp BVDV on the induction
of IFN by a heterologous virus, it is possible to gain insight into
how ncp BVDV avoids the effects of innate immunity.

In this paper we have examined how ncp BVDV enhances
the replication of SFV and is an example of the END effect

exhibited by pestiviruses. The END effect extends to other
virus families, and we have observed significant increases in
plaque formation induced by coinfection with ncp BVDV and
some strains of influenza viruses, encephalomyocarditis virus,
and Chandipura virus (unpublished data). In no case does the
presence of ncp BVDV influence the titer of heterologous
virus; it solely affects plaque size. In contrast, little or no
increase in plaque size was observed with bovine respiratory
syncytial virus or bovine herpesvirus type 1 (data not shown).
Prior infection of cells with ncp BVDV does not affect the
induction of apoptosis by cp BVDV (48) or by SFV, but acti-
vation of the infection- and IFN-responsive gene MxA and
IFN-� gene transcription were inhibited. Examination of the
transcription factors involved in the control of IFN-� mRNA
synthesis showed that IRF-3 was stimulated to migrate from
the cytoplasm to the nuclei of cells infected with ncp BVDV, so
we surmise that phosphorylation of IRF-3 is stimulated in ncp
BVDV-infected cells. However, a later stage in binding to
DNA is affected, since in cells infected by SFV an IRF-3-DNA
binding complex was observed which was not present when
cells had been previously infected with ncp BVDV. Conse-
quently, we conclude that ncp BVDV affects the DNA binding
properties of IRF-3. Other transcription factors proposed to be
involved in the control of IFN-� synthesis that we examined
(NF-�B, c-Jun, and ATF-2) were not activated in response to
infection of cells by ncp BVDV, which contrasted with the
response to SFV infection. Moreover, SFV activation of these
transcription factors, as opposed to activation of IRF-3–DNA
binding, was not inhibited by prior infection of cells with ncp
BVDV.

These results illuminate previously published work on the
END effect. It has been reported that IFN activation by NDV
can be blocked by ncp BVDV (10) and that ncp BVDV can
delay induction of IFN by orbiviruses (28). In those studies
antiviral activity in culture supernatants was measured, but it
was not clear whether ncp BVDV infection compromised the
initiation or the elaboration of antiviral effects that were ob-
served. We know that viruses can compromise the elaboration
of IFN action: over recent years several examples of viruses
that inhibit IFN signaling have been described (16). It is known
that both cp and ncp BVDV are sensitive to IFN (5, 35), and
it is consistent with these observations that the titration of
bovine IFN on ncp BVDV-infected cultures is identical to that
observed in control cultures. These results indicate that ncp
BVDV cannot compromise IFN signaling and extend recently
published results of studies using an antiviral assay (34). The
observations presented here clearly suggest that it is solely the
induction of an IFN-�/� response that is affected by ncp
BVDV and not its amplification (through inhibition of IFN-
�/� signal transduction).

In contrast to the sensitivity of BVDV to IFN, it has been
reported that TNF-� has no antiviral effect on cp or ncp
BVDV in culture (5, 35), which might suggest that TNF-�
signaling is compromised in BVDV-infected cells. TNF-� sig-
nals through a series of receptors and kinases that result in the
phosphorylation and proteasome degradation of the inhibitor
of NF-�B, I�B, resulting in NF-�B transport to the nucleus of
the cell (31). By measuring NF-�B binding activity in cells
infected with ncp BVDV and treated with TNF-�, we have
shown that TNF-� action through NF-�B is not inhibited by

FIG. 8. Effect of ncp BVDV on assembly of SFV-induced tran-
scription factor complexes on an ISRE probe. CaTe cells were first
either mock infected or infected with ncp BVDV (1 to 2 PFU/cell) for
48 h and then either mock infected or infected with SFV (5 PFU/cell)
for the times indicated. Nuclear extracts were prepared from each
experiment and analyzed by EMSA using the ISRE probe from the
human ISG15 gene (43). This probe is able to bind a number of
members of the IRF family, as demonstrated by the nine rightmost
panels, which show the supershift patterns of extracts from CaTe cells
infected for 4 and 8 h with SFV incubated with antisera to individual
IRFs as indicated. Pi, preimmune serum. The mobilities of complexes
containing distinct IRFs are indicated to the left of the gel.
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ncp BVDV. We conclude, therefore, that TNF-� signaling is
not compromised by ncp BVDV.

The IRF-3–DNA complex that is induced by SFV and whose
formation is blocked by ncp BVDV is likely to be reflected in
other examples of the END effect. At least for NDV, IFN
induction in fibroblasts is mediated through IRF-3 complexes
(17, 22, 24, 25, 32, 33, 47). We do not know what other tran-
scription factors may be present in the complex we observed;
there may be other components, particularly other IRFs (2, 3,
4, 46). We have examined the IRF-3–DNA complex for the
presence of IRF-7, an IRF induced following IFN treatment of
cells (2), using a commercially available antiserum. The result
showed no evidence for the presence of IRF-7 in the IRF-3
complex.

The ability of ncp BVDV to prevent the activation of IRF-
3–DNA binding activity can explain how ncp BVDV inhibits
the production, not only of IFN-�, but also of other IFN-
stimulated genes. Like many other antiviral genes that are
induced by IFN, MxA/Mx1 has also been shown to be induced
directly by virus infection (15, 19). In the case of the ISG15 and
ISG54 genes, the sequences required for direct virus activation
have been shown to overlap with the ISRE required for IFN
responsiveness (9, 29), and other virus-induced genes are likely
to be similar. The sequences responsible for virus activation of
MxA have yet to be determined, but the MxA/Mx1 promoters
analyzed (mouse, human, and hen) all contain conserved
ISREs. Direct virus induction of ISG15, ISG54, and RANTES
gene transcription is mediated through IRF-3 (24, 29, 44), and
it is likely that direct MxA activation by virus infection also
proceeds by IRF-3 activation. Induction of MxA synthesis by
SFV or cp BVDV may arise from one of two alternative routes:
either direct virus activation or secondary amplification from
IFN-�-stimulated transcription. ncp BVDV could inhibit both
pathways due to the involvement of IRF-3 in virus induction of
gene transcription and in the induction of IFN-� transcription,
also stimulated by virus. In the case of MxA induction by SFV,
we presume that it is an effect of the inhibition of IFN-�
synthesis that is reflected in our results, since the experiments
were carried out at a low MOI of SFV, and SFV infection at a
high MOI does not lead to detectable levels of MxA protein. In
contrast, induction of MxA by cp BVDV is seen in cells in-
fected with cp BVDV at a high multiplicity. It is also notewor-
thy that induction of MxA is stimulated in cells infected with cp
BVDV that had been subjected to gradient purification (S. J.
Baigent and A. Pande, unpublished data), which is expected to
reduce any effect of endogenous bovine IFN in the virus inoc-
ulum.

Activation of IRF-3 requires phosphorylation induced by a
dsRNA-dependent protein kinase which is distinct from pro-
tein kinase R (PKR) (36, 37). Viruses encode inhibitors of
IRF-3 activation, the best characterized of which is the influ-
enza virus NS1 polypeptide. The ncp BVDV block to IRF-3
activation but not to NF-�B activation contrasts with the ac-
tions of the NS1 polypeptide, which blocks activation of both
NF-�B and IRF-3 (38, 42). NS1 is also a dsRNA-binding pro-
tein, and this activity may block the phosphorylation of I�B
and also IRF-3, either through PKR or through the putative
alternative dsRNA-dependent protein kinase. It seems un-
likely that ncp BVDV acts analogously to dsRNA-binding pro-
teins.

Conspicuous are the results observed on NF-�B activation
by cp BVDV infection of cells, contrasting with ncp BVDV
(which failed to activate NF-�B.) We do not know how cp
BVDV activates NF-�B; it may activate through PKR (40), but
this needs to be established. It is clear, though, that activation
by cp BVDV of NF-�B, a transcription factor involved in the
control of apoptosis, does not block virus-induced apoptosis.

Recently published work on BVDV showed that ncp BVDV
blocked induction of apoptosis in bovine turbinate cells trans-
fected or treated with synthetic dsRNA and that IFN-�/� pro-
duction induced by the dsRNA was inhibited in macrophages
(34). Treatment of cells with synthetic dsRNA is frequently
used as a model of virus infection (e.g., references 21 and 26).
Our results demonstrate no repression of apoptosis induced by
virus, and we adduce that inhibition by ncp BVDV of re-
sponses by the cell to dsRNA differs from that of responses to
infection in this respect. Repression of the IFN response in the
transfected macrophages is likely to correlate with the effects
reported here on the inhibition of IRF-3 activation by ncp
BVDV.

The primary induction of IFN-� mRNA synthesis is con-
trolled by the combination of three transcription factors, only
one of which, IRF-3, is affected by ncp BVDV. While ncp
BVDV actively inhibits the activity of IRF-3 in DNA binding
assays, we have observed no inhibitory effect of ncp BVDV on
the other transcription factors that make up the IFN-� enhan-
ceosome. How ncp BVDV effects the inhibition of IRF-3–
DNA binding is the subject of further work.

To conclude, the results here implicate IRF-3–DNA binding
as a factor that is blocked by ncp BVDV, which inhibits the
initiation of the cellular innate antiviral and IFN responses.
The lifestyle of pestiviruses is dependent on intrauterine trans-
fer of the virus from mother to fetus prior to immune compe-
tence, which is the first step toward immunotolerance and the
birth of PI calves. Infection of the fetus by ncp BVDV fails to
result in the induction of IFN-�/� at the level of detection by
bioassay, although ncp BVDV infection of the fetus results in
a low level of induction of the IFN-stimulated gene MxA (8).
Avoiding the IFN response of the fetus through inhibition of
the DNA-binding activity of IRF-3 may be the critical feature
that permits the survival of the virus in the fetus, the virus
reservoir for many pestivirus infections, and hence survival in
nature.
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