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Virus infection, double-stranded RNA, and lipopolysaccharide each
induce the expression of genes encoding IFN-� and -� and chemo-
kines, such as RANTES (regulated on activation, normal T cell
expressed and secreted) and IP-10 (IFN-� inducible protein 10). This
induction requires the coordinate activation of several transcrip-
tion factors, including IFN-regulatory factor 3 (IRF3). The signaling
pathways leading to IRF3 activation are triggered by the binding of
pathogen-specific products to Toll-like receptors and culminate in
the phosphorylation of specific serine residues in the C terminus of
IRF3. Recent studies of human cell lines in culture have implicated
two noncanonical I�B kinase (IKK)-related kinases, IKK-� and Traf
family member-associated NF-�B activator (TANK)-binding kinase 1
(TBK1), in the phosphorylation of IRF3. Here, we show that purified
recombinant IKK-� and TBK1 directly phosphorylate the critical
serine residues in IRF3. We have also examined the expression of
IRF3-dependent genes in mouse embryonic fibroblasts (MEFs) de-
rived from Tbk1�/� mice, and we show that TBK1 is required for the
activation and nuclear translocation of IRF3 in these cells. More-
over, Tbk1�/� MEFs show marked defects in IFN-� and -�, IP-10,
and RANTES gene expression after infection with either Sendai or
Newcastle disease viruses or after engagement of the Toll-like
receptors 3 and 4 by double-stranded RNA and lipopolysaccharide,
respectively. Finally, TRIF (TIR domain-containing adapter-inducing
IFN-�), fails to activate IRF3-dependent genes in Tbk1�/� MEFs. We
conclude that TBK1 is essential for IRF3-dependent antiviral gene
expression.

Host defense against infectious microbial pathogens requires
the detection of invading microorganisms and the activation

of the innate immune response (1). One way in which detection
is achieved is by the binding of pathogen-specific molecules to
extracellular receptors belonging to the Toll-like receptor (TLR)
family (2–4). TLRs recognize microbial products derived from
all of the major classes of microbes, including bacteria, viruses,
yeast, and fungi. These recognition events trigger the activation
of complex networks of signal transduction pathways, leading to
the coordinate activation of several transcription factors that
regulate the expression of antimicrobial genes, cytokines, che-
mokines, and costimulatory molecules (5).

The induction of type I IFN in response to virus, bacterial
infection, double-stranded RNA (dsRNA), or lipopolysaccha-
ride (LPS) provides an example of this phenomenon (5). dsRNA
and LPS are detected by TLR-3 (6) and TLR-4 (7), respectively,
although distinct viral ligands have been described also for
additional members of the TLR family (8–11). Expression of the
IFN-� gene in response to all of these inducers requires the
coordinate activation of several transcription factors, including
IRF3 (5, 12). Until recently, relatively little was known about the
signaling pathways or upstream effector molecules required for
IRF3 activation.

IRF3 is ubiquitously expressed and resides in the cytoplasm in
an inactive state (13), and its activation requires phosphorylation
of a cluster of serine�threonine residues in its C terminus

(between residues 385 and 405) (14). This phosphorylation leads
to its dimerization and association with the coactivators CBP-
p300 (15). The IRF3 complex then translocates to the nucleus
where it activates promoters containing IRF3 binding sites, such
as the IFN-�, RANTES (regulated on activation, normal T cell
expressed and secreted), and IP-10 (IFN-� inducible protein 10)
promoters. Recent studies have shown that the noncanonical
I�B kinase (IKK)-like kinases IKK-� (16, 17) and Traf family
member-associated NF-�B activator (TANK) (tankyrase)-
binding kinase 1 (TBK1) (18–20) are required for the activation
of IRF3 and the induction of IFN-� gene expression in human
cell lines in culture (21, 22). IKK-� and TBK1, although highly
homologous, appear to function in a nonredundant manner (22).
Small interfering RNA silencing studies suggest that both of
these kinases are essential components of an IRF3 signaling
pathway activated by Sendai virus (SV) or dsRNA, which signals
via TLR-3 (21, 22). Previous studies in cell extracts provided
evidence that IKK-� phosphorylates IRF3 directly (21). How-
ever, similar evidence for TBK1 has not been presented.

Although all TLRs activate NF-�B, not all TLRs activate IRF3
or induce type I IFN expression. TLR-3 and TLR-4 are the best
characterized TLRs known to activate IRF3. TLR-3- (23) and
TLR-4-mediated activation of IRF3 do not require MyD88 (24,
25) or the related adapter molecule Mal�TIRAP (26–28).
Instead, these TLRs use alternative TIR-domain-containing
adapter proteins to induce IRF3. For example, TLR-3 requires
TRIF (28), known also as TICAM-1 (23), for IRF3 activation,
whereas TLR-4 uses TRIF and TRAM [TRIF-related adapter
molecule (29), known also as TIRP (30) or TICAM-2 (31)].
Recent studies with TRIF-deficient mice (32) and small inter-
fering RNA silencing studies with TRAM (29) provide clear
evidence that the recruitment of TRIF to TLR-3 or TRIF and
TRAM to TLR-4 facilitates the activation of IRF3 and the
induction of type I IFNs. TRIF-mediated induction of IRF3-
dependent genes appears to require IKK-� and TBK1 (22).

Here, we show that recombinant IKK-� and TBK1 directly
phosphorylate IRF3 on C-terminal residues known to be re-
quired for its activation. In addition, we show that IRF3 activa-
tion is defective in Tbk1�/� mouse embryonic fibroblasts (MEFs)
compared with wild-type cells in response to virus infection or
stimulation with dsRNA or LPS. Moreover, unlike MEFs de-
rived from wild-type cells, overexpression of TRIF fails to induce
the expression of IFN-�, RANTES, or IP-10 reporter genes in
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Tbk1-deficient cells. These data provide strong genetic evidence
that TBK1 is an essential mediator of innate antiviral gene
expression programs that require IRF3.

Materials and Methods
Cells and Stimuli. MEFs from wild-type and Tbk1-deficient mice
were provided by Wen-Chen Yeh (University of Toronto, To-
ronto) as described (19). SV was obtained from Charles River
Breeding Laboratories. Newcastle Disease virus (NDV) was
obtained from the American Type Culture Collection. LPS
derived from Escherichia coli strain O11:B4 was obtained from
Sigma and was prepared as described (33). Endotoxin-free
poly(I-C) was obtained from Amersham Biosciences.

Reagents. The luciferase reporter genes IFN-�, IFN-�-PRDIII–I,
and IFN-�-PRDII were generated as described (22). The ISG54
ISRE was obtained from Stratagene. The RANTES luciferase
and IRF3-GFP were provided by John Hiscott (McGill Univer-
sity, Montreal), as described (34). The HIV LTR-�B-luc was
obtained as described (26), and endothelial-leukocyte adhesion
molecule (ELAM)-luc was provided by D. Golenbock (Univer-
sity of Massachusetts Medical School). The IP-10 reporter
construct was provided by A. Luster (Massachusetts General
Hospital, Boston). pEF-Bos-Flag murine TRIF was generated by
PCR cloning from a RAW264.7 cDNA library. Hemagglutinin
(HA)-IRF3�N was provided by T. Fujita (Tokyo Metropolitan
Institute of Medical Science, Tokyo). ELISAs for measuring
RANTES and IP-10 were obtained from R & D Systems. IFN-�
ELISA was obtained from PBL Biomedical (Piscataway, NJ).

Recombinant Proteins. GST fusion proteins and baculovirus pro-
teins were prepared as described in ref. 35.

Kinase Assays. In vitro kinase assays were performed as described
(35) by using 0.5 �g of GST-I�B� substrates or 2.0 �g of
GST-IRF3 substrates.

Transfection Assays. MEFs from Tbk1�/�and Tbk1�/� mice (7,500
cells per well) were plated in 24-well plates (100 �l per well) and
transfected 24 h later with 0.25 �g of reporter genes, as indicated,
by using FuGENE6 (Roche Diagnostics). Murine TRIF (0.5 �g)
was cotransfected with reporter genes where indicated. In all
cases, cells were transfected also with 0.25 �g of a thymidine
kinase Renilla luciferase reporter gene (Promega). After trans-
fection (24 h), some cells were infected with NDV [2 �l per well
of American Type Culture Collection stock assayed at �108

chicken embryo infectious doses (50%)�0.2 ml, as confirmed by
HA] or SV [(200 hemagglutinating units (HAU)], stimulated
with LPS (100 ng�ml) or poly(dI-dC) (50 �g�ml) as indicated.
Then, �16 h later cell lysates were prepared, luciferase reporter
gene activity was measured, and data were normalized for
transfection efficiency by using the Dual-Glo luciferase assay
system (Promega). Data are expressed as mean relative stimu-
lation � SD for a representative experiment from a minimum of
three separate experiments, each performed in triplicate.
Whole-cell lysates were also subjected to immunoblotting to
confirm expression of Flag-tagged TRIF (data not shown).

Confocal Microscopy. MEFs from Tbk1�/� and Tbk1�/� mice were
transiently transfected with an expression vector for IRF3-GFP,
as indicated. After transfection (24 h), cells were infected with
SV for 6 h and imaged by confocal microscopy with a TCS SP2
AOBS microscope (Leica, Deerfield, IL).

Immunoblotting. MEFs from Tbk1�/�and Tbk1�/� mice were
infected with SV for the indicated times. Cells were lysed (50 mM
Hepes, pH 7.5�100 mM NaCl�1 mM EDTA�10% glycerol�0.5%
Nonidet P-40�protease inhibitors), separated by SDS�8.5%

PAGE, and immunoblotted with antibodies to HA (Y-11; Santa
Cruz Biotechnology) or calnexin (C-20; Santa Cruz Biotechnol-
ogy), as indicated.

Northern Blot Analysis. MEFs from Tbk1�/� and Tbk1�/� mice
were infected with SV (200 HAU) for the indicated times.
Total RNA was isolated by using TRIzol (Invitrogen) and
run on glyoxal�dimethyl sulfoxide gels. Blots were hybrid-
ized with Ultrahyb (Ambion, Austin, TX) and visualized by
autoradiography.

ELISA. MEFs from Tbk1�/� and Tbk1�/� mice were stimulated
with poly(I-C) (20 or 100 �g�ml) or LPS (20 or 100 ng�ml) or
infected with SV (2 or 20 HAU) or NDV (0.5 or 5.0 �l of the
American Type Culture Collection stock) for �16 h. For the
analysis shown in Fig. 6D, 20 HAU of SV or 5.0 �l of NDV was
used. Cell supernatants were harvested, and RANTES, IP-10,
and IFN-� levels were measured according to the ELISA
manufacturer’s recommendations.

Results
IKK-� and TBK1 Directly Phosphorylate IRF3 in Vitro. To determine
whether IKK-� and TBK1 directly phosphorylate IRF3, we
purified recombinant IKK-�, TBK1, and IKK-� and performed
in vitro kinase assays by using the C terminus of IRF3, fused
in-frame to GST, as a substrate. Two distinct groups of serine
residues have been implicated in the activation of IRF3. Group
1 includes serines 385 and 386, whereas group 2 includes serines
396, 398, 402, and 405 and threonine 404. As shown in Fig. 1A,
purified baculovirus-expressed TBK1 or IKK-� phosphorylated
wild-type IRF3, and replacement of group 2 residues with
alanine (A5) led to a significant decrease in phosphorylation
compared with wild-type IRF3. By contrast, only a slight de-
crease in phosphorylation was observed with IRF3 in which
group 1 serine residues were replaced by alanine (A2; Fig. 1 A
and B). No phosphorylation of IRF3 was observed when both
groups of residues were replaced by alanines (A7; Fig. 1 A and
B). Thus, it appears that the group 2 serines are the primary
targets of phosphorylation by IKK-� and TBK1. This finding is
consistent with mass spectrometry analysis of full-length IRF3
phosphorylated by TBK1 (unpublished data) and with previous
studies implicating group 2 residues as the primary targets of
phosphorylation (21).

As expected from previous studies (21), recombinant IKK-�
failed to phosphorylate IRF3 (Fig. 1C). As a positive control for
IKK-� kinase activity, we showed that recombinant IKK-� could
phosphorylate I�B� specifically (Fig. 1C). We showed also that
recombinant IKK-� and TBK1 could phosphorylate I�B� (Fig.
1 A and B). However, as reported, this phosphorylation occurred
on serine 36 only and did not result in the degradation of I�B�
(36). The functional significance, if any, of this phosphorylation
event is not understood. Taken together, these observations
suggest that IKK-� and TBK1 phosphorylate the C terminus of
IRF3 directly.

TBK1 Is Required for IRF3-Dependent Gene Expression in MEFs. The
role of TBK1 in IRF3 activation was investigated by using a
previously reported Tbk1�/� knockout mouse (19). Previous
studies showed that Tbk1-deficient mice die at approximately
embryonic day 14.5 from massive tumor necrosis factor (TNF)�-
induced liver apoptosis (19). Based on the similarity of this
phenotype with that observed with RelA�/� mice, TBK1 was
proposed to play an essential role in the NF-�B pathway (19).
The role of TBK1 in the activation of other transcription factors
was not investigated. We, therefore, carried out studies to
determine the effect of Tbk1 deficiency on IRF3 activation in
MEFs. As shown in Fig. 2A, induction of an IFN-� reporter gene
in response to infection with SV was completely defective in the
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Tbk1-deficient MEFs. When NDV, another well characterized
inducer of type I IFN expression, was examined, IFN-� reporter
gene expression was completely abrogated in Tbk1-deficient cells
also (Fig. 2 A). We also investigated the role of TBK1 in signaling
by TLR-3 and TLR-4, after stimulation with poly(I-C) or LPS,
respectively. Induction of the IFN-� reporter gene was reduced
significantly in Tbk1-deficient cells after stimulation with either
poly(I-C) or LPS (Fig. 2 A). Furthermore, induction of both the
RANTES and IP-10 reporter genes also showed similar defects
in Tbk1-deficient cells with all tested stimuli (Fig. 2 B and C).
Together, these results show that type I IFN and related genes
require TBK1 for their expression.

A common feature of the IFN-�, RANTES, and IP-10 genes
is that multiple transcriptional regulatory elements are required
for their activation. For example, the coordinate activation of the
transcriptional activators NF-�B, IRF3, and ATF2�cJun are
required for IFN-� gene expression after virus infection (5).
Various studies have established an essential role for IRF3 in
LPS- and poly(I-C)-induced IFN-�, RANTES, and IP-10 gene
expression (37, 38). The transcription enhancer of the IFN-�
gene contains four positive regulatory domains (PRDs), PRDI–
IV. NF-�B binds to the PRDII element, IRF3 binds to adjacent
PRDIII and PRDI elements (referred to collectively as PRDIII–
I), and the heterodimeric transcription factor ATF2�cJun binds
to PRDIV. Each of these promoter elements, when present in
multiple copies, can be activated by virus infection or by
transfected IKK-� or TBK1 (5, 22, 39) .

We examined the effect of SV, NDV, poly(I-C), and LPS on

transcription from these individual IFN-� regulatory elements.
NDV, SV, poly(I-C), and LPS induced transcription of a mul-
timerized PRDIII–I reporter gene in wild-type cells. However,
the reporter gene was not expressed in Tbk1-deficient cells with
all tested stimuli (Fig. 3A). Consistent with these observations,
SV and LPS induced the activation of another IRF3-dependent

Fig. 1. Purified IKK-� and TBK1 phosphorylate the C terminus of IRF3.
Wild-type (wt) TBK1 (A), IKK-� (B), or IKK-� (C) was expressed in insect cells by
using baculovirus vectors. Kinase activity of the purified proteins was assayed
by using various GST-IRF3-(380–427) or GST-I�B�-(5–55) substrates as indi-
cated. A2, S385A, S386A IRF3 mutant; A5, S396A, S398A, S402A, T404A, S405A
IRF3 mutant; A7, S385A, S386A, S396A, S398A, S402A, T404A, S405A IRF3
mutant; SS, S32A, S36A I�B� mutant.

Fig. 2. Reduced IFN-� reporter gene activity in the absence of TBK1. MEFs
from Tbk1�/�(filled bars) and Tbk1�/� (empty bars) mice were transfected with
IFN-� (A), RANTES (B), or IP-10 (C) luciferase reporter genes. Cells were left
untreated (none), infected with NDV or SV, or stimulated with poly(I-C) or LPS.
Lysates were assayed for luciferase activity.

Fig. 3. Deficiency of TBK1 leads to impaired induction of IRF3-dependent
reporters and normal induction of NF-�B-dependent reporters. MEFs from
Tbk1�/� (filled bars) and Tbk1�/� (empty bars) mice were transfected with
IFN-� PRDIII–I or ISG-54 ISRE reporter genes (A), IFN-� PRDII (B), or HIV LTR-�B
or ELAM luciferase reporter genes (B Lower). Cells were left untreated (none),
infected with SV or NDV, or stimulated with poly(I-C) or LPS. Lysates were
assayed for luciferase activity.
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promoter element, the IFN-stimulated regulatory element
(ISRE) from the ISG-54 gene. The expression of this reporter
gene was also defective in Tbk1-deficient cells (Fig. 3A Right).
We also examined the effects of SV, NDV, poly(I-C), and LPS
on the NF-�B-regulated IFN-�-PRDII reporter gene. All of
these inducers activated expression of the NF-�B reporter gene,
but in contrast to the dramatic defects on PRDIII–I and
ISG54-ISRE expression in Tbk1-deficient cells, induction of
PRDII was unaffected in these cells (Fig. 3B). We also examined
the induction of two additional NF-�B-regulated genes, a re-
porter gene consisting of the HIV LTR, which contains five
copies of the NF-�B consensus sequence in tandem (HIV
LTR-�B) and the ELAM (E-selectin) reporter gene. Levels of
SV-, poly(I-C)-, and LPS-dependent induction of these reporters
were similar in wild-type and Tbk1-deficient cells (Fig. 3B
Lower). We conclude that TBK1 is essential for IFN-�, RANTES,
and IP-10 reporter gene expression, and we show that TBK1
activates IRF3 but is not required for virus-, poly(I-C)- or
LPS-induced NF-�B activation.

TBK1 Is Essential for IRF3 Activation. The inhibition of IFN-�-
PRDIII–I and ISRE-, but not NF-�B-containing, promoters in
Tbk1-deficient mice suggested that in agreement with our ob-
servations (22), TBK1 mediates its effects by means of IRF3. We,
therefore, examined the activation of IRF3 in Tbk1-deficient
cells. Viral infection leads to the phosphorylation of IRF3,
followed by its dimerization, nuclear translocation, and interac-
tion with the coactivators CBP-p300 (15). Embryonic fibroblasts
from wild-type and Tbk1-deficient mice were cotransfected with
a vector encoding an IRF3-GFP fusion protein, and nuclear
translocation of IRF3 was examined after virus infection. In
uninfected cells, IRF3-GFP localized to the cytosol of either
wild-type or Tbk1-deficient cells. In both cases, the nucleus was
nearly devoid of GFP fusion protein (Fig. 4A). However, when
cells were infected with SV for 6 h, IRF3-GFP clearly translo-
cated to the nucleus in wild-type cells. In contrast, IRF3-GFP

remained in the cytosol in Tbk1-deficient cells after virus
infection (Fig. 4A).

To examine the requirement of TBK1 for SV-induced IRF3
phosphorylation, extracts from SV-induced wild-type and Tbk1-
deficient MEFs overexpressing HA-tagged IRF3 were assayed
by Western blotting using an anti-HA antibody. A more slowly
migrating IRF3 band was reproducibly detected after infection
with SV for 6 or 8 h (Fig. 4B). The SV-induced phosphorylation
of IRF3 was not observed in Tbk1-deficient cells.

TBK1 Is Essential for IRF3 Activation Mediated by TRIF. A TIR
domain-containing adapter molecule, TRIF, has been shown
recently to activate IRF3 and induce expression of IRF3 target
genes, such as IFN-�, RANTES, and IP-10 (22, 23, 32). Recent
studies with Trif-deficient mice confirm its essential role in type
I IFN induction after engagement of TLR-3 and TLR-4 by
poly(I-C) and LPS, respectively (10, 32). Furthermore, Trif
mutant mice, derived by chemical mutagenesis, are hypersus-
ceptible to murine cytomegalovirus infection because of a failure
to produce type I IFNs (10). Taken together, these observations
suggest that TRIF is an essential shared component of the
pathways by which TLRs and viruses induce type I IFN.

We have demonstrated previously by using small interfering
RNA knockdown of IKK-� or TBK1 that the induction of type
I IFN and related genes by TRIF depends on these kinases (22).
Furthermore, immunoprecipitation studies suggested that TRIF
interacts with IKK-� or TBK1 and that this interaction is
abolished by deletion of the N- or C-terminal non-TIR domain
portion of the molecule (22). IKK-� and TBK1 have also been
shown to phosphorylate TRIF (40). Overexpression of TRIF
induces IFN-�, IP-10, and RANTES reporter gene expression in
HEK293 cells (22). We examined the induction of IFN-�, IP-10,
and RANTES reporter genes by TRIF in wild-type and Tbk1-
deficient MEFs. Induction of IFN-�, IP-10, and RANTES re-
porter genes by TRIF was completely abrogated in Tbk1-
deficient cells, confirming the importance of TBK1 in mediating
TRIF signaling to these target genes (Fig. 5). In contrast,
TRIF-induced expression of the NF-�B-dependent ELAM re-
porter gene was normal in Tbk1-deficient cells (Fig. 5 Right).

TBK1 Is Essential for the Induction of Type I IFN Expression. We next
examined the kinetics of endogenous IFN-� gene induction in
wild-type and Tbk1-deficient cells. Infection of cells with SV for
at least 6 h induced IFN-� mRNA levels. In contrast, IFN-�
mRNA was not induced by SV in cells from Tbk1-deficient MEFs
(Fig. 6A). Consistent with the dramatic defect in IP-10 and
RANTES reporter gene expression in Tbk1-deficient cells, in-
duction of endogenous RANTES and IP-10 expression after
exposure to poly(I-C), LPS, SV, and NDV was also impaired
severely in Tbk1-deficient mice. The induction of RANTES was

Fig. 4. Deficiency of TBK1 leads to defective virus-induced nuclear translo-
cation and phosphorylation of IRF3. (A) MEFs from Tbk1�/�and Tbk1�/� mice
were transfected with 1.0 �g of an IRF3-GFP fusion protein. Samples were left
untreated (none) or infected with 100 HAU of SV and visualized by confocal
microscopy. (B) MEFs from Tbk1�/�and Tbk1�/� mice were transfected with
500 ng of HA-IRF-3�N. Cells were infected 24 h later with SV for the indicated
times. Whole-cell lysates were analyzed by Western blotting (WB) with
anti-HA antibodies. As a loading control, membranes were stripped and
reprobed with anti-calnexin antibodies.

Fig. 5. TRIF induces IFN-� and RANTES reporter genes by means of TBK1.
MEFs from Tbk1�/� (filled bars) and Tbk1�/� (empty bars) mice were trans-
fected with IFN-� (Left), RANTES (Center), or ELAM (Right) luciferase reporter
genes and cotransfected with a murine TRIF expression vector or left un-
treated (none). Lysates were assayed for luciferase activity.
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attenuated severely, whereas IP-10 was completely defective in
the absence of TBK1 (Fig. 6 B and C). Stimulation of both
wild-type and Tbk1-deficient cells with TNF� also induced
similar levels of RANTES expression (although the levels of
induction were considerably lower than with the other stimuli),
suggesting that TBK1 is not required for TNF-�-induced
RANTES induction (data not shown). Induction of IFN-� by
SV and NDV was also completely abrogated in Tbk1-deficient
cells (Fig. 6D).

Discussion
Induction of type I IFN gene expression, a central event in
establishing the innate antiviral response, requires cooperative
activation of the transcription factors NF-�B and IRF3. Here, we
make use of Tbk1-deficient MEFs to demonstrate definitively
that the induction of type I IFN (and related genes, such as
RANTES and IP-10) depends on TBK1. We show also that TBK1
directly phosphorylates the C-terminal serine residues of IRF3
that are required for its activation. This observation confirms
and extends the findings of previous studies showing that

TBK1-containing whole-cell extracts phosphorylate the group 2
residues of IRF3 (21).

At present, the relationship between TBK1–IKK-� and the
classical IKK-�–IKK-�–IKK-� complex is unclear. The primary
target of the IKK-�–IKK-�–IKK-� complex is the NF-�B inhib-
itor, I�B� (41). A variety of inducers, including virus infection,
LPS, or cytokines, such as TNF-� or IL-1, activate the IKK-�–
IKK-� –IKK-� complex. The activated kinase phosphorylates
I�B� on serines 32 and 36, leading to its ubiquitination and
degradation by the proteosome (41). This degradation results in
the release of the NF-�B heterodimer, its nuclear translocation,
and the activation of NF-�B-regulated genes. Although TBK1
and IKK-� share significant sequence similarity with IKK-� and
IKK-�, they have been shown to phosphorylate serine 36, but not
serine 32, of IKK-� (16–18, 20). TBK1 and IKK-� are, therefore,
unable to activate NF-�B by the degradation of I�B� because
such degradation requires phosphorylation of both serine resi-
dues of I�B� (41). However, overexpression of either of these
noncanonical IKKs resulted in the activation of NF-�B reporter
genes (16–18, 20). Other overexpression studies led to the
conclusion that TBK1 functions as an IKK kinase (20).

Consistent with this possibility, the phenotype of Tbk1�/�

mice was indistinguishable from that of IKK-��/�, IKK-��/�, and
RelA�/� mice, namely, death at embryonic day 14.5 from pro-
found liver degeneration and apoptosis (42–46). However, I�B�
degradation was unaffected in TNF-�-stimulated MEFs from
the Tbk1-deficient mice (19). Thus, TBK1 is not required for the
activation of IKK-�–IKK-�–IKK-�. Surprisingly, however, ad-
ditional studies indicated that the expression of two NF-�B-
regulated genes, namely TLR-2 and ICAM-1, was defective in
Tbk1-deficient MEFs after stimulation with IL-1� or TNF-�
(19). Based on these and other observations, it was suggested
that TBK1 regulates a subset of NF-�B-dependent genes, pos-
sibly by the phosphorylation of the p65 subunit of NF-�B rather
than by the phosphorylation of I�B�. In contrast to these earlier
studies, we were unable to detect a role for TBK1 in activation
of three different NF-�B-dependent promoters in response to
virus infection or stimulation with TLR ligand. In addition, we
were unable to observe an effect of TBK1 deficiency on TNF-
�-induced activation of these NF-�B reporters (data not shown).
At present, we cannot explain this discrepancy, but we note that
the observed effect of TBK1 deficiency on TLR-2 and intercel-
lular adhesion molecule 1 (ICAM-1) expression may be indirect.
For example, the murine TLR-2 promoter contains a putative
STAT (signal transducer and activator of transcription) binding
site in addition to NF-�B binding sites (47). Thus, defects in
TLR-2 expression in Tbk1-deficient MEFs could be an indirect
consequence of the loss of IRF3 activation. Additional studies
will be necessary to determine the mechanism by which TBK1
regulates the expression of certain NF-�B target genes in
addition to its effects on IRF3 activation.

IKK-� is highly homologous to TBK1, and both kinases have
been implicated in the activation of IRF3 (21, 22). Here, we show
that both kinases can directly phosphorylate serine residues that
are critical for IRF3 activation. In previous studies, we found that
both IKK-� and TBK1 are required for IRF3 activation in human
HEK293 cells in culture (22). This result was surprising, con-
sidering that TBK1 is ubiquitously expressed, whereas IKK-� is
expressed primarily in cells of lymphoid origin and inducible in
other cell types. Whether this apparent nonredundancy of IKK-�
and TBK1 observed in HEK293 cells is a general phenomenon
in primary cells is unclear. The relative roles of IKK-� and TBK1
can be examined by using single- or double-deficient mice.

TBK1 was originally identified by virtue of its association with
the TANK protein [TRAF (tumor necrosis factor receptor-
associated factor) family member associated with NF-�B acti-
vator, also called I-TRAF] (18, 48). Subsequently, IKK-� was
shown to associate with TANK. Although the functional signif-

Fig. 6. Induction of IFN-� and -�, RANTES, and IP-10 is TBK1-dependent. (A)
MEFs from Tbk1�/� (Left) and Tbk1�/� (Right) mice were infected with SV for
the indicated times. Total RNA (5 �g) was loaded in each lane, and Northern
blot analysis was performed by using a mouse IFN-�-specific probe. (B–D) MEFs
from Tbk1�/� (filled bars) and Tbk1�/� (empty bars) mice were stimulated with
poly(I-C) or LPS, infected with SV or NDV as indicated, or left untreated (none)
for �16 h. Cell supernatants were harvested, and RANTES, IP-10, or IFN-� levels
were measured by ELISA.
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icance of this interaction is not understood, TANK has been
shown to facilitate the association of TBK1 or IKK-� with the
IKK-�–IKK-�–IKK-� complex (48).

Recently, the TLR-associated adapter molecule TRIF was
shown to be a potent activator of IRF3 signaling, and TRIF-
deficient mice fail to induce type I IFNs after LPS dsRNA
stimulation, or infection with vaccinia virus (10, 32). Here, we show
that TRIF-dependent activation of IRF3 requires TBK1. TRIF
associates with TBK1 (22), and this association has been mapped to
the N-terminal domain of TRIF (40). Moreover, the association of
TRIF with TBK1 appears to require the kinase activity of TBK1
and the phosphorylation of TRIF (40). TRIF has also been shown
to be essential for NF-�B activation by its association with TRAF6
(40). Thus, TRIF appears to function as an adapter protein for both
the NF-�B and IRF3 signaling pathways.

Thus, both the classical and noncanonical IKKs play critical
roles in establishing the innate antiviral immune response.
Although the classical IKK-�–IKK-�–IKK-� kinase functions
primarily by the phosphorylation of I�B�, an important target of
the noncanonical ‘‘IKKs’’ is IRF3. Further studies may reveal
crosstalk between the two pathways and additional targets for
both types of kinase complexes.
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