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Abstract

The Thogoto virus (THOV) is a member of the family Orthomyxoviridae. It prevents induction of alpha/beta interferons (IFN) in cell
culture and in vivo via the action of the viral ML protein. Phenotypically, the effect of THOV ML resembles that of the NS1 protein of
influenza A virus (FLUAV) in that it blocks the expression of IFN genes. IFN expression depends on IFN regulatory factor 3 (IRF3). Upon
activation, IRF3 forms homodimers and accumulates in the nucleus where it binds the transcriptional coactivator CREB-binding protein
(CBP). Here, we show that expression of ML blocked the transcriptional activity of IRF3 after stimulation by virus infection. Further
biochemical analysis revealed that ML acts by blocking IRF3 dimerization and association with CBP. Surprisingly, however, ML did not
interfere with the nuclear transport of IRF3. Thus, the action of ML differs strikingly from that of FLUAV NS1 that prevents IFN induction

by retaining IRF3 in the cytoplasm.
© 2004 Elsevier Inc. All rights reserved.
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Introduction

The mammalian interferon (IFN) system represents the
basis of an early host response against viral infections
(Samuel, 2001). Mice lacking a functional type I IFN
receptor (Fiette et al., 1995; Miiller et al., 1994) or humans
with defects in IFN receptor signaling (Dupuis et al., 2003)
are highly susceptible to infections with viral pathogens.

Abbreviations: dsRNA, double-stranded RNA; FF-Luc, firefly lucifer-
ase; FLUAV, influenza A virus; IFN, interferon; M, matrix protein; ML,
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VLP, virus-like particle; VRNP, viral ribonucleoprotein complex.
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Upon viral infection, recognition of virus particles (Collins
et al., 2004; Servant et al., 2002) or virus-specific molecular
patterns like single-stranded and double-stranded RNA
(dsRNA) triggers the expression of type I IFNs, mainly
IFNa and P (Alexopoulou et al., 2001; Diebold et al., 2004;
Stark et al., 1998). IFNPB, known as the immediate early
IFN, leads via a positive feedback mechanism to the
upregulation of the IFNa genes (Erlandsson et al., 1998;
Marie et al., 1998). Both IFNa and (3 induce the expression
of IFN-stimulated genes, thus establishing an antiviral state
in cells (Der et al., 1998; Staeheli, 1990).

Production of IFNP is one of the ecarliest host cell
responses to infection with viral pathogens. The transcrip-
tional induction of the IFNB promoter involves activation of
IFN regulatory factor-3 (IRF3), activating protein-1 (AP1),
and nuclear factor kappa B (NF-kB) (Algarte et al., 1999;
Schafer et al., 1998; Wathelet et al., 1998; Yoneyama et al.,
1998). Among these transcription factors, IRF3 is the most
essential for the immediate early induction of IFNP
expression (Sato et al., 2000). IRF3 is constitutively
expressed and in its inactive, unphosphorylated form
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predominantly resides in the cytoplasm. Viral infection
triggers activation of IRF3 through phosphorylation on
serine and threonine residues in its C-terminal part (between
residues 385 and 405) (Lin et al., 1998; Mori et al., 2004;
Yoneyama et al., 1998). The responsible kinases for this
essential activation step were recently characterized as two
unconventional IkB kinases, IKKe and TBK1 (Fitzgerald et
al., 2003; Sharma et al., 2003). Activation of IRF3 induces a
sequence of events including nuclear accumulation (Kumar
et al, 2000; Lin et al., 1998), homodimerization, and
association with transcriptional coactivators like the CREB-
binding protein (CBP) in order to gain full transcriptional
activity (Suhara et al., 2000; Weaver et al., 1998; Yang et al.,
2002). The IRF3/CBP holocomplex then binds and activates
target gene promoters containing IRF3 binding sites such as
the IFNR and ISG56 promoter (Grandvaux et al., 2002;
Peters et al., 2002; Wathelet et al., 1998).

Viruses have evolved different strategies to circumvent
the induction of type I IFNs (Goodbourn et al., 2000; Levy
and Garcia-Sastre, 2001; Weber et al., 2003). IRF3 as a key
factor for the induction of the early antiviral host response is
targeted by many viruses (Baigent et al., 2002; Basler et al.,
2003; Bossert et al., 2003; Dauber et al., 2004; Foy et al.,
2003; Graff et al., 2002; Lin et al., 2001; Poole et al., 2002;
Ronco et al., 1998; Xiang et al., 2002). One of the best
studied examples is the NS1 protein of FLUAV that was
shown to prevent activation of the IFNP promoter by
suppressing activation of IRF3 by dsRNA (Talon et al.,
2000). Similar to FLUAYV, infection with Thogoto virus
(THOV) attenuates activation of the IFNB promoter
(Hagmaier et al., 2003).

Together with the influenza viruses, THOV belongs to
the family of Orthomyxoviridae (Van Regenmortel et al.,
2000). In contrast to other orthomyxoviruses, THOV is an
arbovirus that replicates both in mammalian and in tick cells
(Jones and Nuttall, 1989). Ticks are the reservoir of THOV
(Nuttall et al., 1995). The virus persistently infects these
animals but is not transmitted horizontally or transovarially
between ticks (Davies et al., 1986), raising the question how
the virus persists in this reservoir. THOV is transmitted to
vertebrates through tick bites. After a viremic phase, the
virus infects other ticks feeding on the same animal,
favoring the spread of the virus back to its arthropod
reservoir. To successfully perform this replication cycle,
THOV has evolved a strategy to inhibit the induction of the
innate immune response in the vertebrate host. The virus has
been shown to effectively suppress the induction of type I
IFN in infected cells and in animals (Hagmaier et al., 2003;
Pichlmair et al., 2004), and therefore prevents induction of
the early antiviral host response that is mainly based on IFN-
stimulated Mx genes (Haller et al., 1995; Pavlovic et al.,
1995).

The genome of THOV consists of six single-stranded
RNA segments of negative polarity that have a coding
capacity for seven proteins: six essential structural proteins
such as the three subunits of the viral RNA-dependent RNA

polymerase, the nucleoprotein (NP), the transmembrane
glycoprotein, the matrix protein (M), and one non-essential
accessory protein, the ML protein (Hagmaier et al., 2003;
Haller and Kochs, 2002). The proteins M and ML are both
encoded by the smallest viral RNA segment. The M
protein is translated from a spliced transcript in which the
stop codon terminating the M reading frame is created by a
splicing event (Kochs et al., 2000), whereas the ML
protein is translated from the full-length, unspliced tran-
script. Thus the 304 amino acid long ML represents an
elongated version of M (266 amino acids) containing 38
additional amino acids at the C terminus. We recently
found that ML functions as an IFN antagonist that prevents
activation of the IFNP promoter (Hagmaier et al., 2003).
Accordingly, a recombinant THOV lacking the ML gene
showed enhanced induction of IFN in infected cells and, in
contrast to the highly virulent wild-type virus, was strongly
attenuated in mice (Hagmaier et al., 2003; Pichlmair et al.,
2004).

Here, we demonstrate that ML targets a distinct step in
IRF3 activation. ML does not interfere with the initial IRF3
activation and nuclear translocation. Instead, it blocks IRF3
dimerization and its interaction with the coactivator CBP.
Therefore, unlike the NS1 protein of FLUAV that prevents
IRF3 activation in the cytoplasm, THOV ML antagonizes
the IFN system by specifically inhibiting IRF3 transcrip-
tional activity in the nucleus.

Results
THOV ML suppresses IRF3-dependent promoter activation

We recently identified the ML protein of THOV as an
IFN antagonist that blocks induction of IFN in infected cells
(Hagmaier et al., 2003). ML is a C-terminally extended
version of THOV M protein containing 38 additional amino
acids. To analyze the activity of ML independent of the viral
context, cDNA expression plasmids encoding THOV M,
THOV ML, or an empty vector were transfected into 293
cells together with a firefly luciferase (FF-Luc) reporter
construct under the control of the IFN{@ promoter
(Yoneyama et al., 1998). Infection of the transfected cells
with Newcastle disease virus (NDV), a strong IFN inducer
(Bazzigher et al., 1992), led to the expression of FF-Luc,
indicating activation of the IFNP promoter (Fig. 1A).
Coexpression of ML resulted in a 5-fold reduction of
promoter activity compared to the control, thereby confirm-
ing the IFN antagonistic activity of ML (Hagmaier et al.,
2003). M expression, by contrast, had no inhibitory effect.

To elucidate the molecular basis of this inhibitory
activity, we concentrated on IRF3 because this is the most
critical cellular transcription factor that is essential for virus-
induced IFNP expression, whereas the other transcription
factors NFkB and AP-1 have only enhancing effects
(Wathelet et al., 1998). One of the earliest steps of IRF3
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Fig. 1. ML suppresses the activity of IRF3. Human 293 cells were transfected with a reporter plasmid carrying the FF-Luc gene under the control of the IFNp
promoter (p125Luc; A and B) or under the control of an artificial promoter containing three IRF3 response elements (p5S5C1BLuc, C-E). In addition, a reporter
plasmid carrying the REN-Luc gene under the control of the SV40 promoter together with expression plasmids encoding THOV M, ML, or empty plasmid
(Ctrl) was cotransfected. (A) At 5 h post-transfection, the cells were infected with 1 PFU per cell of NDV for 18 h and analyzed for reporter gene expression.
(B-E) Cells were cotransfected with different expression plasmids encoding IRF3 or IRF3 mutants. (F-H) To analyze the involvement of the IRF3 DNA-
binding domain, cells were cotransfected with a reporter plasmid carrying the FF-Luc gene under the control of the Gal4 promoter together with pRL-SV40 and
M/ML expression plasmids. Activation of the Gal4 promoter was achieved by cotransfection of a Gal4-IRF3 construct (F), a Gal4-IRF3 fusion protein with
deletion of the DNA-binding domain, Gal4-IRF3-DBDdel (G), or a Gal4-CBP-AT construct (H). Twenty-four hours post-transfection, cell lysates were
analyzed by dual luciferase assay. FF-Luc activity was normalized to REN-Luc activity and is indicated as fold induction compared to that of the untreated

control.

activation is its phosphorylation at specific C-terminal Ser/
Thr residues (Lin et al., 1998; Yoneyama et al., 1998).
Expression of an IRF3 construct in which five phosphor-
ylation sites are converted into phosphomimetic aspartic
acid residues, IRF3(5D) (Lin et al., 1998), led to a strong
activation of the IFN{ promoter, independent of additional
stimuli (Fig. 1B). Similar to the situation with NDV-infected

cells, expression of ML but not of M strongly inhibited
IRF3(5D)-mediated reporter gene expression (Fig. 1B). This
indicates that ML is able to suppress the transcriptional
activity at a step downstream of the activation of IRF3.
Phosphorylation of IRF3 occurs on two C-terminal
amino acid clusters. Five Ser/Thr residues between amino
acids 396405 (Lin et al., 1998) and two serine residues at
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amino acids 385/386 (Yoneyama et al., 1998) were
described as the responsible targets of the activating protein
kinases. Therefore, we constructed deletion mutants of IRF3
lacking 39 or 43 amino acids of the C terminus called
IRF3(1-388) and IRF3(1-384). These truncated variants of
IRF3 are active upon overexpression together with an IRF3-
responsive FF-Luc reporter construct containing three IRF3-
binding elements (Yoneyama et al., 1998). Overexpression
of wild-type IRF3 or the C-terminal deletion mutants
strongly stimulated reporter gene expression (Figs. 1C, D,
and E), albeit to lower levels than those in IRF3(5D)
transfection experiments. ML, but not M, was able to
suppress this activation independent of the presence of IRF3
C-terminal phosphorylation sites. These results suggest that
the effect of ML on IRF3 transcriptional activity is
independent of the phosphorylation state of the IRF3 C-
terminus and further implies that the C-terminal regulatory
moiety of IRF3 is not a target of ML action.

Suppression of IRF3 by THOV ML is independent of the
DNA-binding capacity of IRF'3

After dimerization and association with transcriptional
coactivators, IRF3 is thought to bind to cognate DNA
elements and stimulate promoter activity (Wathelet et al.,
1998). We therefore tested whether the block of IRF3-
dependent promoter activation by ML is based on an
inhibition of IRF3 DNA binding. To uncouple transcrip-
tional activation by IRF3 from its DNA-binding property,
we used a Gal4-IRF3 fusion protein that transactivates
reporter gene expression by binding to Gal4 promoter
elements (Fitzgerald et al., 2003). As expected, the full-
length Gal4-IRF3 fusion construct induced reporter gene
expression under the control of the Gal4-promoter (Fig. 1F).
Coexpression of THOV M led to an increase in reporter
gene expression, while coexpression of THOV ML com-
pletely abrogated transactivation by Gal4-IRF3 (Fig. 1F).
Accordingly, we tested the effect of ML on a Gal4-IRF3
construct that lacks the complete IRF3 DNA-binding
domain (amino acids 7-107). Coexpression of ML again
suppressed transactivation by the Gal4-IRF3 fusion protein
(Fig. 1G). Since IRF3 activity is dependent on the recruit-
ment of cotransactivators like CBP to the promoter region,
we tested whether transactivation by CBP was also inhibited
by coexpression of ML. As shown in Fig. 1H, neither
THOV M nor ML had any effect on the activity of a Gal4-
CBP fusion protein, indicating that THOV ML does not
affect CBP function. Therefore, THOV ML appears to
specifically affect IRF3 function independent of its DNA-
binding properties.

THOV ML prevents virus-induced IRF3 dimerization and
interaction with CBP

Upon activation, IRF3 forms homodimers that are
required for DNA binding and interaction with transcrip-

tional coactivators (Iwamura et al., 2001). To test the effect
of ML on these steps of IRF3 activation, 293 cells were
infected with recombinant THOVs that either encode the
ML protein THOVML+ or do not encode ML THOVML—
(Hagmaier et al., 2003). To analyze the oligomerization state
of IRF3, lysates of infected cells were separated by
nondenaturating gel electrophoresis, and IRF3 monomers
and dimers were detected by Western blot analysis using an
IRF3-specific antibody. As shown in Fig. 2A, THOVML
infection induced IRF3 dimerization, whereas in uninfected
cells, no IRF3 dimers could be detected. Surprisingly, in
cells infected with THOVML+, IRF3 predominantly accu-
mulated in the monomeric fraction and only weak dimer
formation was detectable. Detection of the viral NP suggests
comparable infection with the two different recombinant
viruses (Fig. 2B). In addition, we directly tested the effect of
recombinant ML on the homo-oligomerization of IRF3,
independent of virus infection. 293 cells were cotransfected
with cDNA constructs encoding the constitutively activated
IRF3 variant IRF3(5D) together with M and ML expression
plasmids. Analysis of the cell lysates 24 h later showed a
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Fig. 2. ML prevents IRF3 dimerization and association with CBP. 293
cells were infected with 5 PFU per cell of THOVML—, THOVML+,
FLUAV(wt), FLUAVANSI, or were mock infected for 20 h. (A) Cell
lysates were analyzed for monomers and dimers of IRF3 by non-
denaturing gel electrophoresis followed by Western blotting using an
IRF3-specific antibody. (B) Viral infection was monitored using an
antibody directed against THOV NP or FLUAV NP. (C) The same cell
lysates were used for coimmunoprecipitation with a monoclonal IRF3-
specific antibody and the immunocomplexes were analyzed by Western
blot with a CBP-specific antibody. (D) IRF3 present in the immunocom-
plex was detected with a polyclonal rabbit antiserum directed against
IRF3. (E) The total amount of CBP in individual cell lysates was
monitored using the CBP-specific antibody.
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spontaneous formation of IRF3(5D) dimers, as expected.
Consistent with our experiments with infected cells,
expression of recombinant ML suppressed IRF3(5D)
dimerization whereas expression of M had no effect (data
not shown).

In parallel, we did the same analysis with two strains of
FLUAV (A/PR/8/34) that either expressed or lacked the
IFN-antagonistic protein NS1 (FLUAVdANSI) (Garcia-
Sastre et al., 1998). While FLUAVANS] was a strong
inducer of IRF3 activation and resulted in the formation of
IRF3 dimers, wild-type FLUAV infection prevented IRF3
dimerization, similar to the situation in THOVML+-infected
cells (Fig. 2A).

IRF3 dimers recruit the transcriptional coactivator CBP
to gain full activity (Suhara et al., 2000; Weaver et al., 1998;
Yang et al., 2002). Therefore, we considered that ML may
not only prevent IRF3 dimerization but also the association
with CBP. To test this hypothesis, cells were infected with
the recombinant THOVs and FLUAVs for 20 h and then
subjected to immunoprecipitation analysis using an IRF3-
specific antibody. The precipitated immunocomplexes were
analyzed by Western blot using CBP- and IRF3-specific
antibodies. As shown in Fig. 2C, no interaction was
observed between CBP and IRF3 in cells infected with the
wild-type viruses THOVML+ and FLUAV. In contrast, the
mutants THOVML— and FLUAVANSI1 both triggered the
association of CBP with IRF3 (Fig. 2C). Fig. 2D indicates
that comparable levels of IRF3 are present in the immuno-
complexes. Using the anti-CBP antibody, we confirmed that
equal amounts of CBP are present in individual cell lysates
(Fig. 2E). These results demonstrate that the ML protein of
THOV antagonizes IRF3 dimerization and association to
CBP, similar to the NS1 protein of FLUAV.

THOV ML does not affect nuclear accumulation of IRF3

Nuclear translocation of IRF3 is a prerequisite for its
stimulatory activity (Lin et al., 1998). To analyze the effect
of ML on the nuclear accumulation of IRF3, we used two
independent approaches. First, we transfected cells with
THOV M or ML expression constructs together with a GFP-
IRF3-encoding plasmid. Then the cells were infected with
NDV to induce nuclear accumulation of the IRF3 fusion
protein. The cells were then fixed, and the expression of M
and ML was detected by immunofluorescence. As expected,
in uninfected cells, GFP-IRF3 was detected in the cytoplasm
whereas upon NDV infection GFP-IRF3 accumulated in the
nucleus (Fig. 3A). Surprisingly, neither expression of M nor
of ML disturbed the virus-induced nuclear accumulation of
GFP-IRF3 (Fig. 3A). In a second set of experiments, we
used the recombinant THOVs described above. Vero cells
were infected with these viruses and the localization of
endogenous IRF3 as well as the production of viral NP was
analyzed by double immunofluorescence 24 h after infec-
tion. In uninfected cells, IRF3 was detected in the
cytoplasm, whereas THOV infection led to the accumulation

of IRF3 in the cell nucleus (Fig. 3B), indicating that THOV
has the potential to trigger IRF3 activation. Interestingly,
IRF3 nuclear accumulation was observed following infec-
tion with both the ML-expressing and the ML-lacking
THOVs (Fig. 3B). These data suggest that despite the lack
of IRF3 dimerization and the absence of IRF3/CBP
interaction, infection with wild-type THOV induces nuclear
translocation and accumulation of IRF3, indicating that
expression of ML is not able to block this process.

Discussion

In this report, we describe how the THOV protein ML
prevents IFN induction by targeting IRF3, the essential
factor that stimulates early IFN production after virus
infection. ML thereby interferes with the dimerization of
IRF3 and its association with the transcriptional coactivator
CBP, but not with the nuclear accumulation of IRF3.

Virus infection represents a stress signal that activates
the innate immune system. This results in the rapid
expression and secretion of type I IFNs that are respon-
sible for the induction of antiviral host response (Good-
bourn et al., 2000; Stark et al., 1998). One of the earliest
stress responses after virus infection is the activation of
IRF3, the essential factor for IFNB expression (Collins et
al., 2004; Sato et al., 2000). IRF3 is constitutively expressed
and resides in the cytoplasm until activation. According to
the current model (Servant et al., 2002; Yoneyama et al.,
2002), the cell responds to virus infection with the activation
of diverse Ser/Thr protein kinases that activate IRF3.
Phosphorylated IRF3 then dimerizes, translocates into the
nucleus, and associates with the CBP coactivator. This
holocomplex then binds to IRF3-responsive promoters and
stimulates transcription.

Our data clearly show that the ML protein of THOV
prevents activation of IRF3 at a late stage by interfering with
its dimerization and association with the coactivator
molecule CBP. In contrast, the nuclear translocation of
IRF3 was not affected by ML. IRF3 contains an N-terminal
DNA-binding domain (7-107) and a C-terminal trans-
activation domain (110-427) and is normally in an inactive
conformation (Servant et al., 2002; Yang et al., 2002). The
C-terminal part is divided into a linker region (110-198), an
IRF-association domain (199-308), and a C-terminal auto-
inhibitory/serine-rich domain (385-427). The linker region
is the target of MAP- and DNA-dependent protein kinases
(Karpova et al., 2002; Servant et al., 2001) and contains
nuclear import and export signals. The IRF-association
domain is responsible for dimerization and association with
CBP, whereas the C-terminal autoinhibitory/serine-rich
domain is the target of virus-activated protein kinases
(VAK) (Lin et al., 1998; Yoneyama et al., 1998). C-terminal
phosphorylation results in structural changes that allow
dimerization of IRF3 and interaction with CBP via the IRF-
association domain (Qin et al., 2003; Takahasi et al., 2003).
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Fig. 3. ML does not prevent nuclear accumulation of IRF3. (A) Vero cells were transfected with a GFP-IRF3 expression plasmid together with expression
plasmids encoding THOV M, THOV ML, or empty vector (Ctrl). At 6 h post-transfection, cells were infected with 1 PFU per cell of NDV or mock infected. At
20 h postinfection, expression of M and ML protein was detected by immunofluorescence using an antibody directed against THOV M/ML. GFP-IRF3 (green)
and M or ML (red) localizations were detected by confocal microscopy. (B) Vero cells were infected with 5 PFU per cell of THOV expressing ML
(THOVMLH), lacking ML (THOVML—), or mock infected. At 24 h postinfection, cells were fixed and analyzed for localization of endogenous IRF3 (green)
using an IRF3-specific antibody. THOV infection was detected by using an antibody directed against THOV NP (red).

Neither substitution of the IRF3 DNA-binding domain by
an unrelated DNA-binding domain nor deletion of the
autoinhibitory C-terminal region prevented the inhibitory
effect of ML on IRF3 function, indicating that phosphory-
lation by VAK or binding to the IRF3 response element is
not the target of ML action. In agreement with this, ML was
also able to inhibit the constitutively active mutant of IRF3
(IRF3-5D), in which a cluster of Ser/Thr residues whose
phosphorylation is required for IRF3 activation was
replaced by Asp, a phosphomimetic amino acid. Since
ML does not interfere with nuclear translocation of IRF3,
the nuclear translocation signal and the putative phosphor-
ylation sites within the linker domain seem not to be
affected by ML. In contrast, ML had a strong effect on IRF3
homo- and hetero-oligomerization with CBP, suggesting
that ML affects the function of the C-terminal IRF-
association domain. Therefore, a straightforward explan-

ation for the suppression of IFNR promoter activation by
THOV would be the existence of an interaction of ML with
the IRF3-association domain, resulting in a block of IRF3
dimerization and of IRF3 binding to CBP. However,
coimmunoprecipitation experiments did not reveal any
direct interaction between ML and IRF3 (data not shown),
suggesting that these two proteins do not interact or that
these interactions are weak or only transient. According to
Kumar et al. (2000), IRF3 nuclear accumulation is a result
of the interaction of IRF3 homodimers with CBP. It is
interesting to note that in our experiments with THOV ML,
IRF3 nuclear accumulation can occur independently of
these interactions.

While the precise mechanism of blocking IRF3-medi-
ated transactivation by ML remains to be elucidated, it is
clear that the C-terminal part of ML plays a critical role.
The M and ML proteins of THOV are expressed from the
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same genomic segment. ML is expressed from a colinear
transcript whereas M is encoded by a spliced mRNA of
segment 6 (Kochs et al., 2000). Therefore, the ML protein
represents a 38 amino acid C-terminal elongated version of
the M protein (Hagmaier et al., 2003). Both M and ML are
structural components of the THOV particle. In contrast to
M, however, ML does not perform M protein functions
like inhibition of viral polymerase activity and assistance in
formation of viral particles (Hagmaier et al., 2004; Wagner
et al., 2000). Mutational analysis of ML showed that the
entire C-terminal half of ML is necessary for its IFN
antagonistic activity, indicating that a complex structure of
the ML protein distinct from that of the M protein is
crucial for its IFN antagonistic activity (Hagmaier et al.,
2004).

IRF3 is the target of many different viral IFN antagonists
(Goodbourn et al., 2000; Levy and Garcia-Sastre, 2001;
Weber et al., 2003). In contrast to THOV ML, the proteins
NS1 of FLUAV and E3L of vaccinia virus target an early
step of IRF3 activation. Both proteins are thought to prevent
activation of the respective IRF3 kinases through sequestra-
tion of dsSRNA, a potent activator of these kinases (Talon et
al., 2000; Wang et al., 2000; Xiang et al., 2002). For the
NS1 protein, additional antagonistic effects on later events
in the IFN-induced antiviral host response have been
described and appear to be mediated by a general inhibition
of the host mRNA processing (Donelan et al., 2003; Krug et
al., 2003; Seo et al., 2002). Furthermore, VP35 of Ebola
virus (Basler et al., 2003), NS1/NS2 of bovine respiratory
syncytial virus (Bossert et al., 2003), and NS3/4A serine
protease of hepatitis C virus (Foy et al., 2003) inhibit IRF3
activation most likely by targeting cellular components that
stimulate IRF3 phosphorylation and therefore prevent IRF3
activation and nuclear translocation.

Similar to THOYV, several other viruses target late steps of
IRF3 activation. Upon BVDV infection, IRF3 translocates
into the nucleus but fails to induce IFN expression (Baigent
et al., 2002). The E6 protein of human papillomavirus-16
directly binds to IRF3 and thereby prevents IRF3 function
(Ronco et al., 1998). The ICPO protein of Herpes simplex
virus targets a late step of IRF3 activation and, like the
THOV ML, is able to suppress transactivation by the
constitutively active IRF3(5D) (Lin et al., 2004). The vIRF1
encoded by human Herpes virus-§ (HHV8) and the
adenovirus (AdV)-E1A protein prevent the formation of
the holocomplex consisting of IRF3 and CBP. In contrast to
ML that targets IRF3 dimerization but not CBP function
(see Fig. 1H), the IFN antagonists of HHV-8 and AdV
directly interact with CBP to inhibit the formation of the
transcriptionally active IRF3 holocomplex (Juang et al.,
1998; Lin et al., 2001).

Whether ML of THOV directly interacts with IRF3 or
binds to an IRF3-associated cofactor will be the focus of our
future efforts to elucidate the precise mechanism of ML
action. However, our data clearly demonstrate that THOV
uses a strategy to suppress IFN induction that is different

from that of other orthomyxoviruses, revealing the amaz-
ingly broad variation of strategies that viruses have evolved
to circumvent the induction of antiviral host response.

Materials and methods
Cells and viruses

293 cells and Vero cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% fetal calf serum (FCS). For infection studies, virus
stocks were diluted in DMEM supplemented with 2% FCS
and 20 mM HEPES (pH 7.5). Recombinant Thogoto viruses
(THOV) expressing ML (THOVML+) or lacking ML
(THOVML—-) were described previously (Hagmaier et al.,
2003; Wagner et al., 2001). The Newcastle disease virus
(NDV; strain H53) (Bazzigher et al., 1992) stock was grown
on 10-day-old embryonated chicken eggs. Influenza A virus
(FLUAV) A/PR/8/34 (FLUAVwt) and the recombinant
influenza A/PR/8/34 with a deletion in the NS1 gene
(FLUAVANSI1) were described previously (Garcia-Sastre et
al.,, 1998). FLUAV stocks were diluted in phosphate-
buffered saline (PBS) supplemented with 0.3% bovine
serum albumin prior to infection.

Plasmids

THOV M and ML expression constructs under the
control of the chicken R-actin promoter (pCAGGS) have
been described previously (Hagmaier et al., 2003). Plasmids
expressing a constitutively active IRF3, IRF3(5D) (Lin et
al., 1998), and a fusion protein containing green fluorescent
protein (GFP) N-terminally fused to IRF3, GFP-IRF3, have
been described (Basler et al., 2003). N-terminally HA-
tagged IRF3 constructs in pCAGGS were designed for
expression of full-length human IRF3 (1-427) and C-
terminally truncated forms, IRF3(1-388) and IRF3(1-384),
lacking 39 and 43 C-terminal amino acids, respectively. The
Gal4 promoter studies were performed using a p5xGal4-
AdML-luc reporter plasmid (Wathelet et al., 1998) cotrans-
fected with a Gal4-IRF3 fusion construct, pGal4-IRF3
(Wathelet et al., 1998) (kindly provided by Tom Maniatis),
or a Gal4-CBP-acetyltransferase (AT) fusion construct,
pcDNA3-Gal4-CBP-AT (Bordoli et al., 2001) (kindly
provided by Richard Eckner). The Gal4-IRF3 fusion
construct was deleted in its DNA-binding domain (between
amino acid 7-107), yielding Gal4-IRF3-DBDdel.

Reporter plasmids carrying the firefly luciferase (FF-
Luc) gene under the control of either the IFN promoter
(p125Luc) or an artificial promoter containing three IRF3-
binding sites (p55C1B-Luc) were kindly provided by
Takashi Fujita (Yoneyama et al., 1998). The reporter
plasmid pRL-SV40 carrying the Renilla luciferase gene
(REN-Luc) under the control of the constitutive SV40
promoter was purchased from Promega.
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Reporter gene assays

Transient transfection of 293 cells was performed by
using 2 pl Dac-30 (Eurogentec)/ug DNA in 200 pl
OPTIMEM (Gibco-BRL) as described (Hagmaier et al.,
2003). Cells were transfected with 0.5 pg of either p125Luc
or p55C1B-Luc, together with 0.05 pg of pRL-SV40, and 1
ng of the indicated THOV M or ML expression plasmids, in
addition to 1 pg of the IRF3 expression constructs, when
indicated. At 5 h post-transfection, cells were infected with
1 plaque forming unit (PFU) per cell of NDV or were left
untreated. At 24 h post-transfection, cells were harvested
and lysed in 200 pl of Passive Lysis Buffer (Promega). An
aliquot of 20 pl was used to measure FF-Luc and REN-Luc
activities as described by the manufacturer (Dual-Luciferase
Reporter Assay System, Promega). FF-Luc activities were
normalized to REN-Luc activities and are indicated as fold
induction relative to the untreated control.

For reporter assays based on Gal4-driven reporter gene
expression, 293 cells were transfected with 0.5 pg of
p5xGal4-AdML-luc, 0.05 pg of control plasmid pRL-
SV40, 1 pg of expression plasmids encoding Gal4-IRF3,
Gal4-IRF3-DBDdel, or Gal4-CBP-AT fusion protein, and
expression plasmids for THOV M, THOV ML, or empty
vector. Twenty-four hours post-transfection, cells were lysed
and a dual luciferase assay (Promega) was performed.

Immunofluorescence analysis

To analyze the subcellular localization of IRF3, Vero
cells were grown on coverslips and transfected with 1 ug of
GFP-IRF3 expression plasmid and 1 pg of expression
plasmids for THOV M, THOV ML, or empty vector. Five
hours post-transfection, cells were infected with 1 PFU per
cell of NDV or were mock infected. At 20 h post infection,
cells were fixed in 3% paraformaldehyd and permeabilized
with 0.5% Triton X-100. Cells were stained using a
polyclonal antibody specific for THOV M/ML and a Cy3-
conjugated secondary antibody.

To examine the localization of endogenous IRF3 in Vero
cells after infection with the recombinant THOVs, IRF3 was
detected 24 h postinfection using an IRF3-specific poly-
clonal rabbit antibody FL-425 (Santa Cruz), and the signal
was enzymatically amplified by the Tyramide Signal
Amplification (TSA) system (Perkin-Elmer) according to
the manufacturer’s instructions. Infection with THOV was
monitored using a mouse monoclonal antibody directed
against THOV NP and a Cy3-conjugated secondary anti-
body. Samples were examined with a Leica confocal laser
scanning microscope.

IRF3 dimerization assay
293 cells were infected with 5 PFU per cell of the viruses

or were mock infected. At 20 h postinfection, cells were
resuspended in 200 pl lysis buffer containing 50 mM Tris—

HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-
40, protease inhibitors (Roche) and phosphatase inhibitors
(Calbiochem), vortexed, incubated on ice for 10 min, and
centrifuged at 4 °C for 5 min at 10000 x g. Aliquots of
10 pg protein were separated on a 7.5% nondenaturing
polyacrylamide gel with 1% deoxycholate in the cathode
buffer as described (Iwamura et al., 2001). IRF3 monomers
and dimers were detected by Western Blot analysis using a
polyclonal rabbit anti-IRF3 antibody FL-425 (Santa Cruz).
To monitor virus infection, viral NP was detected by
Western blot analysis using polyclonal rabbit antisera
directed against THOV NP or FLUAV NP.

IRF3/CBP coimmunoprecipitation assay

The cell lysates used for IRF3 dimerization assays were
also subjected to coimmunoprecipitation analysis using the
monoclonal mouse anti-IRF3 antibody SL12 (Ronco et al.,
1998) (kindly provided by P.M. Howley). The cell lysates
were preadsorbed with protein G-Sepharose (Amersham
Biosciences) for 1 h at 4 °C, then centrifuged at 10000 X g
for 5 min at 4 °C followed by incubation of the supernatants
with protein G-Sepharose and 5 pl of the monoclonal anti-
IRF3 antibody for 2 h at 4 °C. Sepharose beads were
washed three times with lysis buffer and the bound proteins
were subjected to Western Blot analysis using a polyclonal
rabbit antibody directed against CBP, A-22 (Santa Cruz).
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