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Signal transducers and activators of transcription (STATs) and interferon regulatory factors (IRFs) share common target genes.
Here we show that the Irf7 gene is regulated by transcription factors STAT1 and IRF9 in response to the type II interferon (IFN)
IFN-�. IRF7 cooperated with STAT1 and IRF1 to stimulate the expression of a subset of IFN-�-induced STAT1 target genes.
IRF7-mediated control of the Gbp2 gene required the presence and basal activity of the S/T kinase TANK-binding kinase 1
(TBK1), whereas the binding of IRF7 to the Gbp2 promoter did not. Analysis of RNA polymerase II (Pol II) recruitment to the
Gbp2 promoter revealed a role for IRF7 at later stages of the IFN-� response. In support of the role of IRF7 in establishing an
effective antibacterial response, IFN-�-pretreated Irf7�/� macrophages showed an increased bacterial burden after infection
with Listeria monocytogenes. Our data thus describe a biologically relevant basal activity of TBK1 and identify IRF7 as a novel
player in the IFN-� response.

The interferon (IFN) family of antimicrobial cytokines consists
of three distinct types. While the type I and type III IFN each

contain several members, IFN-� is the exclusive type II IFN. It is
produced by activated T cells and NK cells and enhances cell-
mediated immunity, most prominently by its contribution to
macrophage activation. De novo gene induction is necessary for
most—if not all—activities of IFN-� in the immune system. Pro-
moters of the vast majority of IFN-�-induced genes contain an
IFN-�-activated site (GAS), a binding sequence for tyrosine-
phosphorylated, dimerized STAT1. Association between Stat1
dimers and GAS sequences occurs as a consequence of Jak-Stat
signaling by the IFN-� receptor and, to a lesser extent, the type I
IFN receptor (22).

Binding of the STAT1 dimer is sufficient to stimulate immedi-
ate transcription of primary response genes. However, a signifi-
cant number of IFN-�-induced genes show a delayed, secondary
response. Many of the genes pertaining to this category contain a
binding site for IFN regulatory factors (IRF), which is contained
within the interferon-stimulated response element (ISRE) se-
quence (40, 45). The delayed response of these genes is due to the
need to synthesize family member IRF1 within the primary tran-
scriptional burst after stimulation with IFN-�. A well-studied ex-
ample is the Gbp2 gene, where STAT1 and IRF1 cause, respec-
tively, the recruitment of HATs (histone acetyl transferases) and
the RNA polymerase II (Pol II) complex (28, 36). GBP2 expression
is absent in Stat1�/� fibroblasts, whereas Irf1�/� cells still show
residual expression of GBP2 mRNA after treatment with IFN-�
(36). The studies shown below are based on the hypothesis that the
incomplete shutdown of Gbp2 expression in IRF1 knockout cells
may reflect the activity of another IRF family member and its
interaction with IRF1. Support for this assumption comes from
reports showing that IRF4 and IRF8 (IFN consensus sequence-
binding proteins [ICSBP]) contribute to the control of genes in-
duced by IFN-� in lymphoid and myeloid cell types, suggesting
that members of the IRF family other than IRF1 cooperate with
STAT1 in gene regulation (16, 49).

IRF family members IRF3 and IRF7 are critically involved in
the regulation of type I IFN genes (39). IRF3 is constitutively ex-

pressed in probably all cell types. In contrast, IRF7 needs to be
synthesized in most cell types prior to its participation in gene
regulation (29). The type I IFN IFN-� and IFN-� initiate Irf7
transcription by activating the ISGF3 complex, a tyrosine-
phosphorylated STAT1-STAT2 heterodimer in combination with
IRF9, which serves as a DNA-binding subunit. ISGF3 associates
with an ISRE in the 5= untranslated region (UTR) of the Irf7 gene
(50).

Both IRF3 and IRF7 are crucial regulators of innate immunity
to viral infections due to their essential contribution to the expres-
sion of all antiviral type I IFN genes (6, 10, 14, 25, 31). The activity
of both IRF3 and IRF7 is regulated by phosphorylation of several
clustered serine residues within their regulatory domains. TANK-
binding kinase 1 (TBK1) and the I�B kinase-related IKK� were
shown to exert this function (47). Whereas the main function of
IRF3 and IRF7 is to regulate type I (and type III) IFN synthesis,
both proteins are also able to stimulate the promoters of a subset
of type I/type III IFN-inducible genes when introduced into cells
as dominant active alleles (11, 40, 42). In contrast, an impact of
IRF3 or IRF7 on gene regulation by IFN-� has not been explored.

The studies summarized in this report show that the Irf7
gene responds to IFN-� and that IRF7 contributes to the regu-
lation of IFN-�-induced genes by facilitating and maintaining
the recruitment of RNA polymerase II. IRF7 function in this
context depends on the presence and basal activity of TBK1
and/or IKK�. We thus describe a novel activity of the TBK1/
IKK�-IRF7 pathway in the IFN-� response and demonstrate its
biological relevance by showing that IRF7 increased an anti-
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bacterial response in Listeria monocytogenes-infected bone
marrow-derived macrophages (BMDM).

MATERIALS AND METHODS
Reagents and antibodies. The proteasome inhibitor MG132 was pur-
chased from Calbiochem and used in a final concentration of 4 �M.
IFN-� was used in a final concentration of 10 ng/ml. IFNAR blocking
antibody was used in a dilution of 1:1,000 (43). To generate the anti-IRF7
antibody, a rabbit was immunized with an IRF7-GST fusion protein con-
taining amino acids 207 to 452 of the murine IRF7 protein. The antibody
was used in a dilution of 1:1,000 for Western blotting. To generate the
IRF9 antibody, a rabbit was immunized with a GST fusion protein con-
taining the carboxy-terminal part of the murine IRF9 protein. STAT1
phospho-Y701 antibody was purchased from New England BioLabs (Bev-
erly, MA) and used in a dilution of 1:2,000 for Western blotting. Antibod-
ies against IRF1 were from Santa Cruz (Santa Cruz, CA) used in Western
blots in a dilution of 1:1,000. Antibodies against ERK1/2 kinases (pan-
ERK) was purchased from Becton Dickinson (Franklin Lakes, NJ) and
used in a dilution of 1:2,000 for Western blots. Anti-Stat1-C-terminal
antibody was described previously (20).

Cells and mice. Mouse embryo fibroblasts (MEFs) derived from
Irf1�/� mice (37) were kindly provided by J. Pavlovic (University of Zu-
rich, Zurich, Switzerland); Irf3�/� and Irf7�/� MEFs were derived from
recently described mice (14, 39). Tbk1-Ikbke�/� MEFs were kindly pro-
vided by S. Akira. MEFs were cultured in Dulbecco modified Eagle me-
dium (DMEM) containing 10% fetal calf serum (FCS). Mice (wild-type
[WT] C57BL/6, Irf1�/� [40], Irf7�/� [14], Irf9�/� [12]) were sacrificed
for bone marrow between 7 to 10 weeks of age. Bone marrow-derived
macrophages (BMDM) were obtained by culture of bone marrow in
L-cell-derived colony-stimulating factor 1 as described previously (3).

RT-qPCR. Primer for Gbp2 mRNA expression and quantitative real-
time PCR (RT-qPCR) were described previously (36). Other mRNA
primers used in this study were as follows: Tap1 forward, 5=-CTGGCAA
CCAGCTACGGGT-3=; Tap1 reverse, 5=-TGAGAATGAGGATGTGGTG
GG-3=; Socs1 forward, 5=-ACTCCGTGACTACCTGAGTTCCTT-3=;
Socs1 reverse, 5=-GCATCTCACCCTCCACAACCACT-3=; Irf7 forward,
5=-CTGGAGCCATGGGTATGCA-3=; Irf7 reverse, 5=-AAGCACAAGCC
GAGACTGCT-3=.

Nuclear extraction. Nuclear extracts of confluent MEFs in 10-cm tis-
sue culture dishes were obtained as described in reference 7. Extraction
was followed by a desalting step using PD Spin Trap G-25 desalting col-
umns from GE-Healthcare (catalog no. 28-9180-04), according to the
manufacturer’s protocol.

2D gel electrophoresis. Nuclear extracts were subjected to two-
dimensional (2D) gel electrophoresis as described in reference 6.

Western blot analysis. A protocol for this procedure was recently
described (19). Cells used for Western blots with IRF7 antibodies were
pretreated with MG132 for 30 min and during stimulation with IFN-�.
For Western blot analyses by the Odyssey infrared imaging system (Li-Cor
Biosciences), secondary antibodies to mouse IgG (cat. no. 610-132-121)
and rabbit IgG (cat. no. 611-132-122) were purchased from Rockland.
Quantifications were performed using the Odyssey Infrared Imaging Sys-
tem Software.

ChIP and reChIP. Chromatin immunoprecipitations (ChIPs) were
performed following the protocol described in reference 30. Antibodies
used were purchased from Santa Cruz (Santa Cruz, CA) and used at a 1:20
dilution (anti-RNA Pol II, anti-IRF1) or purchased from Bethyl (Mont-
gomery, TX) and used in a dilution of 1:100 (anti-pS5 CTD Pol II). ChIP
data were normalized to and expressed as a percentage of input. Primers
used for PCR and qPCR of the Gbp2 promoter were described recently
(36). Primers for the Irf7 promoter and enhancer were as follows: Irf7
promoter forward, 5=-GGTCGGGTGTAGTTTGAGGA-3=; Irf7 pro-
moter reverse, 5=-GCCAAGGTGGCTGTAGATGT-3=; Irf7 enhancer for-
ward, 5=-GCTTCTTGACCCAGCTGGAACA-3=; Irf7 enhancer reverse,
5=-ACAGTCAAGGGTTGTGTCCATCCT-3=. In the reChIP experi-

ments, the immune complexes were eluted by adding 10 mM dithiothre-
itol (DTT) and incubation for 30 min at 37°C. The samples were diluted
40-fold in RIPA buffer and reimmunoprecipitated.

Plasmids and transfections. Cells were transfected using the dual-
luciferase reporter assay system (cat. no. E1910) from Promega (Promega
Corporation, Madison, WI) according to the manufacturer’s protocol,
with IRF7 expressing plasmids as described in reference 6 and Gbp2
luciferase-reporter construct. Cells were analyzed 48 h after transfection.

Determination of CFU. CFU assays with L. monocytogenes (strain
LO28)-infected macrophages were performed as described recently (17).

RESULTS
IFN-� stimulates Stat1 association with the Irf7 promoter and
induces IRF7 expression. To study a possible contribution of
IRF7 to the regulation of IFN-�-induced genes, we tested whether
the Irf7 gene itself responds to treatment of WT mouse embryonic
fibroblasts (MEFs) with IFN-�. Indeed, we could show an increase
of IRF7 mRNA after IFN-� treatment (Fig. 1B). Detection of IRF7
by direct Western blotting was possible in the presence of the
proteasome inhibitor MG132 to increase stability of the protein.
Under these conditions, a clear induction by IFN-� was observed
(Fig. 1C). Since IFN-�-stimulated gene expression usually in-
volves transcriptional activity of STAT1 dimers, we searched the
5= region and intronic sequences of the murine Irf7 gene for the
presence of a GAS. A perfect consensus sequence, TTCTCTGAA,
was found 1,117 bp upstream of the transcription start site (TSS)
(Fig. 1A). The human Irf7 gene promoter contains a GAS located
between nucleotides �35 and �27 upstream of the TSS (TTCCC
GGAA; Fig. 1A). This is consistent with a recent microarray ex-
periment showing human IRF7 among IFN-�-induced genes
(38). To test whether the GAS of the murine Irf7 enhancer binds
STAT1 homodimers in response to IFN-�, we performed ChIP
assay analysis in WT MEFs (Fig. 1D). In support of this assump-
tion, STAT1 associated with the upstream GAS enhancer within
30 min after IFN-� treatment. As expected, STAT2 was not found
associated with the GAS sequence under these conditions. In ad-
dition to the upstream enhancer, STAT1 associated with the in-
tronic ISRE (referred to as “Promoter” in Fig. 1) after 30 min of
treatment with IFN-�. The data therefore suggest that IRF7
mRNA expression in response to IFN-� is regulated via binding of
STAT1 to both the upstream and intronic response elements.
STAT1 binding to the intronic sites appears to be transient com-
pared to the recruitment to the upstream region.

To control for the specificity of STAT binding after IFN-�
treatment, cells stimulated with IFN-� were analyzed. Consistent
with ISGF3 activation, both STAT1 and STAT2 bound the in-
tronic ISRE sequences after treatment with IFN-� (Fig. 1D). In
further accordance with expectations, a small amount of STAT1,
but not STAT2, was found at the distal GAS after IFN-� treat-
ment.

STAT1 association with intronic ISRE sequences in response to
IFN-� occurred in the absence of detectable STAT2. This rules out
a participation of the transcriptional activator ISGF3. Complexes
containing STAT1 and IRF9 are known to form in vitro. These
offer the possibility of STAT2-independent association of STAT1
with the ISRE (4). In fact, STAT1-IRF9 was previously implied in
the regulation of the Gbp2 gene by IFN-� (48). The participation
of IRF9 in Irf7 gene regulation by IFN-� was examined in IRF9-
deficient macrophages and appropriate control macrophages.
Compared to fibroblasts, these cells show a less transient associa-
tion of STAT1 with the intronic ISRE sequences (compare Fig. 1D,
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E, and F). Consistent with the assumption that IRF9 mediated
association of STAT1 to the proximal ISREs, binding of IRF9 after
IFN-� treatment occurred with kinetics matching those of STAT1
(Fig. 1E and F). Furthermore, both STAT1 binding to these sites

and IRF7 mRNA inducibility by IFN-� were abolished in IRF9-
deficient cells (Fig. 1E to G). To further rule out a participation of
ISGF3 in Irf7 regulation by IFN-� via the intronic ISRE, ChIP-
reChIP analyses were performed. Figure 1H shows that STAT2

FIG 1 Kinetics of IRF7 mRNA expression and STAT1 recruitment to the Irf7 promoter, determined by qPCR and ChIP, respectively. (A) Schematic drawing of
the murine and human Irf7 promoters. ISRE sites are located in the 5= UTR of the murine Irf7 gene, and the newly defined GAS is located in the enhancer region
1.1 kb upstream of the TSS. (B and C) IRF7 mRNA (B) and protein expression (C). mRNA expression after treatment of WT MEFs with IFN-� for the indicated
time points was determined by qPCR and normalized to GAPDH levels. IRF7 protein was determined by Western blotting with IRF7 antibodies. To increase
sensitivity, IRF7 was stabilized by treatment with the proteasome inhibitor MG132. (D) WT MEFs were stimulated with IFN-� or IFN-� and processed for ChIP
at the indicated time points. Antibodies for ChIP are shown on the left. P. I. indicates controls performed with preimmune sera. The precipitates were amplified
by PCR with primers flanking the enhancer (GAS) or promoter (ISRE) region as indicated in panel A and were analyzed by gel electrophoresis. (E and F) Bone
marrow-derived macrophages (BMDMs) of WT and Irf9�/� mice were treated with IFN-� or IFN-� for the times indicated and processed for ChIP with the
antibodies indicated on the top of each panel. (G) BMDMs derived from WT or Irf9�/� mice were treated with IFN-� for the indicated time periods. IRF7 mRNA
expression was analyzed by qPCR and normalized to GAPDH levels. (H) BMDMs of WT mice were treated with IFN-� or IFN-� for the times indicated and
processed for ChIP-reChIP. Antibodies for ChIP are shown on top of each panel. The precipitates were amplified with primers flanking the Irf7 promoter as
shown in panel A. qPCR measurements were made in triplicate. All experiments were repeated at least three times.
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could be reprecipitated from an anti-STAT1 ChIP only after
IFN-� and not after IFN-� treatment (left panel). The presence of
STAT1 in both ChIPs was confirmed by reChIP of the original
anti-STAT1 precipitate with anti-STAT1 antibody (right panel).
This clearly demonstrates that an ISGF3 complex associates with
the intronic ISREs after IFN-� but not after IFN-� treatment.
Collectively the data show that IFN-� regulates the Irf7 gene by
associating a STAT1 dimer with the distal GAS sequence and by
associating a STAT1/IRF9-containing, non-ISGF3 complex with
the intronic ISREs.

Delayed transcriptional responses to IFN-� require IRF7.
We asked whether IRF7 and/or IRF3 might contribute to IFN-�-
induced target gene expression and therefore cause the residual

expression of GBP2 mRNA in Irf1�/� MEFs (36). We monitored
the mRNA expression profile of several ISGs by qPCR. The chosen
genes have well-characterized IFN-responsive promoters and re-
spond to IFN-� either immediately (Irf1) or with delay (Gbp2,
Tap1, Socs1). This corresponds to their regulation by STAT1 only
or a combination of STAT1 and IRF1.

WT MEFs or MEFs deficient for IRF7 or IRF3 were analyzed
after treatment with IFN-� (Fig. 2A to D). In line with the
ability of IRF7 to bind ISRE sequences (50), mRNA expression
of the ISRE-containing genes Gbp2 and Tap1 was reduced in
the absence of IRF7, particularly at later time points after treat-
ment. Expression of SOCS1 was also found to require IRF7 in
accordance with a bona fide IRF binding site in an enhancer of

FIG 2 Regulation of IFN-�-induced genes by IRFs. (A to D) WT, Irf3�/�, and Irf7�/� MEFs were treated with IFN-� for the indicated time periods, followed by
determination of GBP2, TAP1, SOCS1, and IRF1 mRNA expression by qPCR. (E) WT and Irf1�/� MEFs were treated with IFN-� for the indicated time periods,
followed by determination of IRF7 mRNA expression by qPCR. (F) WT, Irf1�/� and Irf7�/� bone marrow-derived macrophages (M�) were treated with IFN-�
for the indicated time periods, followed by determination of IRF7 mRNA expression by qPCR. GBP2, TAP1, SOCS1, IRF1, and IRF7 mRNA expression was
determined by qPCR and normalized to GAPDH levels. (G) IRF1 protein expression and STAT1 tyrosine phosphorylation were detected by Western blot
analysis. Differences in STAT1 expression levels between WT MEFs and MEFs deficient for IRF3 or IRF7 were analyzed by reprobing the blot with an antibody
against the STAT1 C terminus. The Western blot was quantified by densitometry of the antibody-mediated signal (panel G, right), normalizing IRF1 and
pYSTAT1 to the pan-ERK signal. qPCR measurements were made in triplicate. All experiments were repeated at least three times.
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the murine gene at position �1772 to �1764, which is con-
served in humans (41). Expression of IRF1 mRNA showed vir-
tually no IRF7 dependency, consistent with the regulation of
IRF1 exclusively via STAT1 dimer association with a GAS. IRF7
mRNA induction by IFN-� was reduced in Irf1�/� MEFs. Be-
cause IRFs bind to the core sequences of many ISRE, this sug-
gests IRF1 control of Irf7 gene expression via the intronic ISRE
sequences. It also provides an explanation for the particularly
strong reduction of IFN-�-induced gene expression in Irf1�/�

MEFs because these cells show a strong loss of IFN-�-induced
IRF7 expression besides lacking IRF1 (Fig. 2E). Both WT and
Irf7�/� MEFs used for these studies were derived from mice
with identical genetic backgrounds. To exclude that the effect
of IRF7 on the IFN-� response was influenced by clonal varia-
tion of independent MEF isolates, primary bone marrow-
derived macrophages were analyzed for IFN-�-induced Gbp2
expression and showed a similar contribution of IRF7 to the
transcriptional response (Fig. 2F).

mRNA expression of IFN-�-induced genes in Irf3�/� MEFs
was strongly diminished (Fig. 2A to D). Strikingly, the Irf1 gene,
which does not contain a promoter binding site for IRFs, was
affected by the absence of IRF3 at 2 h but not at 4 h after IFN-�
treatment. Consistent with this, STAT1 expression and tyrosine
phosphorylation were severely reduced in Irf3�/� MEFs 2 h after
treatment whereas 4 h after treatment STAT1 levels were in-
creased and tyrosine phosphorylation was normal (Fig. 2G). This
corresponded to WT levels of IRF1 at this time point (Fig. 2G).
Gbp2, Socs1, and Tap1, which contain IRF binding sites, showed
reduced expression also 4 h after IFN-� treatment. This is most
likely a direct consequence of delayed IRF1 synthesis in IRF3�/�

cells (Fig. 2D and G). Together, the data obtained in IRF3-
deficient cells suggest indirect effects of IRF3 in the regulation of
ISGs and are consistent with the reported role of IRF3 in main-
taining STAT1 expression through autocrine type I IFN produc-
tion (44, 46).

In contrast with IRF3�/� MEFs, Irf7�/� MEFs displayed nor-
mal STAT1 expression and appearance of STAT1 phosphoty-
rosine upon IFN-� treatment. In line with mRNA expression,
IRF1 protein expression was not altered in Irf7�/� MEFs. A direct
role for IRF7 in regulating gene expression in response to IFN-�
was further reported by our finding that, unlike IRF3, its regula-
tory function was confined to genes with IRF binding sites. mRNA
expression profiles showed that IFN-�-stimulated gene expres-
sion is reduced, but not completely abrogated, in Irf7�/� MEFs.
This, in turn, points to an ancillary role for IRF7 in enhancing or
prolonging target gene expression.

Basal TBK1 activity is needed for IRF7 function in the IFN-�
response. In the context of viral infection, the transcriptional ac-
tivity of IRF7 relies on the activity of the kinases TBK1 and/or
IKK�. The two enzymes were shown to act redundantly for the
activation of IRF3 and IRF7 and the production of type I IFN in
antiviral responses of macrophages (34), although recent reports
show differences at least in the mode of their activation (8, 14).
Challenging this view of complete functional redundancy, antag-
onistic activity of TBK1 and IKK�, based on competition for a
common adapter protein, was recently suggested by the group of J.
Hiscott (33).

To determine whether TBK1 and IKK� kinase function is
needed for the transcriptional regulation of IFN-�-induced genes
by IRF7, we performed qPCR analysis of IRF7 target genes, com-

paring WT or double-deficient Tbk1/Ikbke�/� MEFs. mRNA ex-
pression of the previously identified IRF7 target genes was differ-
entially affected by the absence of the two kinases. We observed
the strongest impact of Tbk1/Ikbke deficiency on IFN-� induction
of Gbp2 and Tap1, which showed a decrease in mRNA expression
by more than 50% (Fig. 3A and B). In contrast, the absence of
Tbk1/Ikbke did not reduce the ability of IFN-� to induce expres-
sion of SOCS1 mRNA or to regulate the IRF7-independent Irf1
gene (Fig. 3C and D).

To further examine the role of TBK1 in the regulation of the
transcriptional activity of IRF7 on the Gbp2 gene, we per-
formed cotransfection experiments with IRF7 and TBK1 and a
Gbp2 promoter-reporter gene. STAT1-deficient MEFs were
used for these experiments to rule out an influence of STAT1.
These experiments demonstrated the ability of IRF7 to stimu-
late the Gbp2 reporter construct in the presence of TBK1 and
IKK� (Fig. 3E). In contrast, transfection of IRF7 into Tbk1/
Ikbke�/� MEFs did not stimulate Gbp2 reporter gene expres-
sion, unless TBK1 was reintroduced by cotransfection (Fig.
3F). The addition of an antibody blocking the accessibility of
the IFNAR for its ligands (43) had no effect on the expression of
the reporter gene in this experiment. Hence we can rule out a
contribution of type I IFN signaling to Gbp2 promoter activa-
tion by transfected TBK1/IRF7 (Fig. 3F).

Given the ability of IFN-� to induce IRF7 mRNA expression
and the TBK1 requirement for IRF7 activity, we examined
whether IFN-� treatment activates TBK1. To this end, we
cotransfected IRF7 and TBK1 into Stat1�/� MEFs. Treatment
of IRF7-transfected Stat1�/� MEFs with IFN-� did not signif-
icantly enhance the reporter gene activity. In contrast, intro-
duction of additional TBK1 activity via transfection further
enhanced the ability of IRF7 to stimulate expression of the
Gbp2 reporter gene in Stat1�/� MEFs, irrespective of prior
treatment with IFN-� (Fig. 3G). Reducing the amount of trans-
fected TBK1 did not change this result (Fig. 3H), excluding the
possibility that the lack of effect of IFN-� on TBK1 activity is
influenced by different amounts of the kinase. Unlike that of
IRF7, the transcriptional activity of IRF1 is thought to occur without
phosphorylation-mediated activation (40). In keeping with this no-
tion, IRF1 and TBK1 cotransfection resulted in a modest increase of
Gbp2 reporter gene expression. This increase is likely to reflect the
activity of TBK1 on endogenous IRF7 substrates rather than on the
cotransfected IRF1 (Fig. 3I).

Trying to reconstitute IRF7 kinase activity in Tbk1/Ikbke�/�

MEFs by IKK� cotransfection failed. In fact, IKK� cotransfection
inhibited the ability of TBK1 to provide IRF7 activity for the Gbp2
promoter (data not shown). At present we cannot explain this
striking nonredundancy of the two kinases TBK1 and IKK� in the
context of IRF7-mediated stimulation of IFN-�-induced genes. It
will be pursued in our future investigations.

Together the data in Fig. 3 suggest that IRF7 must be phos-
phorylated to efficiently drive the expression of GBP2 and that
basal phosphorylating activity is present in WT or Stat1�/�, but
not in Tbk1/Ikbke-deficient fibroblasts. To examine the IRF7
phosphorylation status, we performed 2D gel electrophoresis with
nuclear extracts of WT and Tbk1/Ikbke�/� MEFs. The cells were
treated with IFN-� for 4 h to induce IRF7 expression, and nuclear
proteins separated on a 2D gel were analyzed by Western blotting
with polyclonal IRF7 antibody (6). Our results show the forma-
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tion of at least two TBK1/IKK�-dependent IRF7 phosphoiso-
forms (Fig. 3J).

Critical role of serines (S425-S426 and S437-S438) of the
IRF7 regulatory domain as phosphoacceptors for the stimula-
tion of IRF7 activity by TBK1. IRF7 can be activated by phos-
phorylation of several serine residues, located in the carboxy-

terminal regulatory domain (6, 26). For in-depth analysis of the
serine residues required for IRF7 transcriptional activity at the
Gbp2 promoter we performed transfection experiments in
Stat1�/� MEFs and Tbk1/Ikbke�/� MEFs with a set of IRF7 phos-
phomutants (Fig. 4A) (6).

Transfection of WT IRF7 as well as the serine-to-alanine mu-

FIG 3 TBK1 is required for the regulation of IFN-�-induced genes by IRF1 and IRF7. (A to D) Expression of GBP2, TAP1, SOCS1, and IRF1 mRNA in WT and
Tbk1/Ikbke�/� MEFs after IFN-� treatment for the times indicated was analyzed by qPCR and normalized to GAPDH mRNA levels. (E) Stat1�/� MEFs were
transfected with either IRF1 or IRF7, and Gbp2-firefly luciferase reporter activity was measured. The values are expressed as fold induction relative to cells
transfected only with reporter construct and normalization to a cotransfected, constitutively expressed, Renilla luciferase reporter. (F) Tbk1/Ikbke�/� MEFs
were transfected with IRF7 or TBK1 alone or with a combination of both. MEFs were treated with IFNAR1 blocking antibody for the whole period of transfection
or left untreated. (G) Stat1�/� MEFs were transfected with IRF7 or TBK1 alone or in combination. Transfected cells were stimulated overnight with IFN-� or left
untreated. (H) Stat1�/� MEFs were transfected with either WT IRF7 or TBK1 or a combination of both. IRF7 amounts were left constant, whereas TBK1 amounts
were varied as shown. (I) Stat1�/� MEFs were transfected with IRF1 or TBK1 alone or in combination. In panels F to I, Gbp2 luciferase reporter activity was
measured as described for panel A. (J) Requirement for TBK1/IKK�-mediated IRF7 phosphorylation determined by 2D gel electrophoresis. WT or Tbk1/
Ikbke�/� MEFs were treated with IFN-� for 4 h or left untreated. Nuclear extracts were prepared and subjected to 2D gel electrophoresis. IRF7 isoforms were
analyzed by Western blotting. qPCR and luciferase measurements were made in triplicate. All experiments were repeated at least three times.
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tants M1 (S425A and S426A) and M5 (S437A and S438A) in Tbk1/
Ikbke�/� MEFs failed to induce Gbp2 reporter gene expression,
whereas transfection of the serine-to-aspartate mutant M15 (all
serines except S425 and S426 are mutated to phosphomimetic
aspartate) upregulated the Gbp2 reporter gene activity very effi-
ciently (Fig. 4B). Cotransfection of TBK1, to reconstitute kinase
activity, strongly increased reporter gene activity in the cases of
both WT IRF7 and the M15 mutant. TBK1 cotransfection with
M1 and M5 mutants led to a moderate increase of Gbp2 reporter
gene expression. Differences between WT IRF7 and the M1, M5,
and M15 mutants did not result from different expression levels as
shown by Western blot analysis (Fig. 4C).

All mutants produced similar results when transfected into
Stat1�/� MEFs, with the two notable exceptions that reporter
gene expression stimulated by the M15 mutant did not exceed the
levels obtained with WT IRF7 and that the inducibility of the
reporter gene by transfected IRF7 was much lower than in Tbk1/
Ikbke�/� MEFs (Fig. 4D).

Taken together, these results indicate that a combination of the
serines mutated in M1 and M5 is needed for full transcriptional
activity of IRF7. The importance of the more N-terminal serines
425 and 426 is emphasized by the results with the M15 mutant.
S425 and S426 are the only serines not phosphomimetic in M15
and must therefore be responsible for the increased activity of
M15 after cotransfection with TBK1 into Tbk1/Ikbke�/� MEFs.

In contrast to that of the Gbp2 gene, IRF7-dependent expres-

sion of the Socs1 gene after IFN-� treatment was unaffected by the
absence of TBK1 and IKK� (Fig. 3C). To confirm TBK1/IKK�-
independent IRF7 activity on the Socs1 gene we transfected WT
IRF7 or the M1 mutant into IRF7-deficient fibroblasts, followed
by IFN-� treatment and examination of SOCS1 mRNA expres-
sion. In these experiments the M1 mutant was as capable of re-
storing the full responsiveness of the Socs1 gene to IFN-� as WT
IRF7 (Fig. 4E). This is in agreement with the notion that the need
for basal TBK/IKK� activity for IRF7-mediated regulation of the
IFN-� response is gene specific.

Cooperation between IRF1 and IRF7 in the control of GBP2
expression. IRF7 is able to form either homodimers or het-
erodimers with other IRF family members. For example, physical
interaction with IRF3 occurs in the context of IFN-� and IFN-�4
gene expression after pathogen exposure (1, 2, 24). IRF1 physi-
cally and functionally interacts with IRF8 (21) and participates in
the IRF3- and IRF7-mediated regulation of human IFN-� genes
(1). Since all of the IFN-�-inducible genes identified in our exper-
iments as IRF7 target genes are known targets for IRF1, we won-
dered whether IRF7 has the capability to functionally interact with
IRF1 in the control of IFN-�-induced genes. The possible inter-
play of IRF7 with IRF1 in the regulation of GBP2 mRNA expres-
sion was first tested in reporter gene assays. Transfection of equal
amounts of Irf1 or Irf7 genes in the context of an otherwise iden-
tical expression plasmid demonstrated nearly identical abilities of
the two IRFs, taken singly, to stimulate the Gbp2 promoter-

FIG 4 Transcriptional activity of IRF7 mutants. Transactivation of the Gbp2 promoter by different mutants of IRF7. Stat1�/� MEFs (D) or Tbk1/Ikbke�/� MEFs
(B) were transfected with WT IRF7 or the IRF7 mutants indicated (A). Fifty nanograms of IRF7 constructs were transfected alone or cotransfected with 1 �g
TBK1 (B) as indicated. Gbp2-firefly luciferase reporter gene expression is indicated as fold induction relative to cells transfected only with reporter construct and
normalization to cotransfected, constitutively expressed Renilla luciferase reporter. (C) Protein expression of IRF7 M1, M5, M15, and WT in Stat1�/� MEFs was
detected by Western blot analysis and probing the blot with anti-tag antibodies recognizing Flag-tagged IRF7 M1, M5, and M15 or HA-tagged WT IRF7.
Pan-ERK levels were analyzed as a normalization control. (E) Irf7�/� MEFs were transfected with 2 �g of a WT IRF7 construct, an empty vector control, or the
IRF7 M1 mutant and treated for 6 h with IFN-� (�) or left without treatment (�), followed by determination of SOCS1 mRNA expression. qPCR and luciferase
measurements were made in triplicate. All experiments were repeated at least six times.
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luciferase reporter gene. Cotransfection of the same copy number
of combined Irf1 and Irf7 genes produced a 2-fold-higher activity
of the Gbp2 promoter (Fig. 3E). In this experiment, Stat1�/�

MEFs were transfected to avoid indirect stimulation of the Gbp2
reporter through IRF7-stimulated type I IFN expression. To-
gether with our analysis of IFN-�-induced genes in IRF1- and
IRF7-deficient fibroblasts, these results suggest that IRF1 and
IRF7 interact functionally to control the expression of genes con-
taining IRF binding sites in the context of an IFN-� response. We

therefore investigated whether IRF1 and IRF7 colocalize on the
promoter of the Gbp2 gene following treatment of cells with
IFN-�. For this purpose, we performed ChIP-reChIP assay anal-
ysis and monitored the binding of IRF1 and IRF7 to the Gbp2 gene
promoter by qPCR. The Gbp2 promoter can be divided into a
distal and a proximal region, containing either a GAS and ISRE
site or only one ISRE site, respectively (Fig. 5A). Both regions were
shown to bind IRF1 efficiently after IFN-� treatment (36). Con-
sistently, we observed an increased binding of IRF1 to both pro-

FIG 5 IRF1 and IRF7 recruitment to the Gbp2 promoter after treatment with IFN-�. (A) Schematic drawing of the GAS located in the distal region and ISRE sites
located in both the distal and proximal promoter regions of the Gbp2 gene. (B to J) WT MEFs, Tbk1/Ikbke�/� MEFs (H and I), or Irf7�/� MEFs were treated with
IFN-� for the time periods indicated. The cells were processed for ChIP (B and E) or ChIP-reChIP (C, D, and F to J) with the antibodies shown on top of the
panels. The precipitates were amplified with primers flanking the distal (B to D) or proximal (E to J) Gbp2 promoter and were analyzed by qPCR. Data are
expressed as percentages of precipitate relative to input DNA. qPCR measurements were made in triplicate. All experiments were repeated at least three times.
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moter regions with virtually indistinguishable kinetics (Fig. 5B
and E). IRF7 binding alone was similarly analyzed by ChIP-
reChIP in order to reduce the background obtained in single-
round ChIPs with our IRF7 antibody. These experiments revealed
IRF7 association with both IFN response regions of the Gbp2 pro-
moter. The binding kinetics of IRF7 at the Gbp2 promoter were
consistent with the IRF7 mRNA expression profile after IFN-�
treatment (Fig. 1B). IRF7 association with the distal and the prox-
imal regions was slightly different (Fig. 5C and F), being more
sustained with the distal Gbp2 promoter region. Sequential ChIP
with an antibody against IRF7 and reChIP with an IRF1-specific
antibody revealed a pattern for IRF1 and IRF7 cooccupancy at
both promoter regions in agreement with the one observed for
IRF7 association (Fig. 5D and G).

To test whether phosphorylation of IRF7 is important for its
association with the Gbp2 promoter, we assessed IRF7 and IRF1
recruitment to the proximal Gbp2 promoter in WT and Tbk1/
Ikbke�/� MEFs by sequential ChIP assays. ChIP for IRF1 and
reChIP for IRF1 revealed that IRF1 binding to the Gbp2 promoter
is similar in the two genotypes. IRF7 recruitment was unimpeded
in Tbk1/Ikbke�/� MEFs, as revealed by ChIP of IRF1 and reChIP
of IRF7 (Fig. 5H and I). As expected, no IRF7 signal was detected
after ChIP-reChIP and amplification of the Gbp2 promoter in
Irf7�/� MEFs. Furthermore, the background of IRF7 binding was
similar between untreated WT MEFs and untreated Irf7�/� MEFs,
suggesting that IRF7 is not constitutively associated with the Gbp2
promoter (Fig. 5J).

Taken together, our results indicate that IRF1 and IRF7 cooc-
cupy the distal and proximal Gbp2 promoter, but binding of IRF1
precedes that of IRF7, since the IRF prototype binds already to the
Gbp2 promoter 1 h after IFN-� treatment (36) and reaches its
maximum after 2 h. In contrast, maximal IRF7 binding was de-
tected after 3 h of treatment. IRF7 binding was not reduced in
Tbk1/Ikbke�/� MEFs, indicating that phosphorylation of IRF7 by
either kinase is not required for nuclear translocation and DNA
binding.

IRF7 is required for the sustained recruitment of RNA Pol II
to the Gbp2 gene promoter. IRF1 was recently shown to contrib-
ute to Gbp2 gene induction by facilitating the recruitment of RNA
Pol II (36). We therefore tested whether IRF7 similarly partici-
pates in the process of transcriptional initiation. ChIP assay anal-
ysis was performed to monitor the binding of both total RNA Pol
II and the serine 5-phosphorylated enzyme to the Gbp2 promoter

(Fig. 6). Serine 5 phosphorylation is an indication for a clearance-
competent polymerase. It requires the action of the general tran-
scription factor TFIIH and the associated kinase CDK7. The re-
sults demonstrate a clear reduction of both RNA Pol II
recruitment and, as a consequence, its serine 5 phosphorylation 4
h after IFN-� treatment of Irf7�/� MEFs. In line with the delayed
impact of IRF7 on IFN-� target gene expression, RNA Pol II re-
cruitment was unaltered during the first 2 h after IFN-� exposure.
Our results indicate a direct role for IRF7 in delayed enhancement
and maintenance of RNA Pol II binding for the sustained expres-
sion of IFN-� target genes.

IRF7 regulates antibacterial activity of activated macro-
phages. Macrophage activation by IFN-� prevents the intracellu-
lar growth of phagocytosed bacteria. We examined whether IRF7
deficiency resulted in an increased cytoplasmic replication of the
Gram-positive, facultative intracellular bacterium Listeria mono-
cytogenes after infection of BMDMs. CFU assays were performed
up to 6 h postinfection (51) (Fig. 7). Prior to infection, macro-
phages were pretreated with IFN-� for 15 h to induce an antibac-
terial state or were left untreated. We observed equal bacterial

FIG 6 Recruitment of RNA Pol II and of Pol II phosphorylated at serine 5 in its carboxy-terminal domain (pS5 RNA Pol II) to the proximal Gbp2 promoter after
treatment with IFN-�. WT, Irf7�/�, and Irf1�/� MEFs were treated with IFN-� for the time periods indicated. The cells were processed for ChIP with the
antibodies shown on top of the panels. The precipitates were amplified with primers flanking the proximal Gbp2 promoter and were analyzed by qPCR. Data are
expressed as percentages of precipitate relative to input DNA. qPCR measurements were made in triplicate. All experiments were repeated at least three times.

FIG 7 Effect of Irf7�/� on intracellular growth of L. monocytogenes. Growth of
L. monocytogenes LO28 was assessed by plating of serial dilutions of cellular
lysates at the indicated time points. WT or Irf7�/� BMDMs were pretreated
with IFN-� for 15 h or left without pretreatment and infected with L. monocy-
togenes LO28 at a multiplicity of infection of 10. CFU counts represent mean
values of six experimental values. The experiment was repeated three times.
Data sets were analyzed by Student’s t test (two tailed, equal variance). ***, P �
0.001.
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uptake rates in WT and Irf7�/� macrophages, irrespective of pre-
treatment (see 1-h time point). Whereas bacterial replication was
inhibited by IFN-� in macrophages of both genotypes, Irf7�/�

macrophages contained modestly but significantly increased
amounts of viable bacteria after IFN-� treatment compared to
their WT counterparts. This result is in agreement with the notion
that IRF7 enhances IFN-�-induced antimicrobial gene expression
but that it is not an absolute requirement. Deletion of the type I
IFN receptor in a similar experimental setup did not increase or
reduce bacterial replication. This rules out that the reduced anti-
microbial activity in IRF7�/� macrophages resulted from a defect
in Listeria-induced type I IFN synthesis (data not shown).

DISCUSSION

Regulation of many IFN-�-induced genes requires functional co-
operation of STATs and IRFs. This subset of genes responds with
delayed kinetics to IFN-� because the participating IRF must be
synthesized first as part of the immediate response. IRF1 is most
often assigned to this task and has been shown in numerous stud-
ies to act in concert with STAT1 (5, 9, 18, 23, 32, 35). At the Gbp2
promoter, STAT1 is needed for the recruitment of the HAT CPB/
p300 and subsequent histone hyperacetylation. Binding of Pol II
and subsequent Gbp2 transcription requires the additional asso-
ciation of IRF1 with the promoter ISRE sequence (36). In search of
IRF family members additionally involved in the regulation of
Gbp2 expression, we uncovered a more general role of IRF7 in the
regulation of IFN-�-responsive genes. This finding is consistent
with recent reports that IRF7 is expressed after IFN-� administra-
tion to various cells of different organisms, ranging from a mono-
cyte/macrophage cell line of rainbow trout to murine astrocytes
and human fetal microglial cells, NIH 3T3 cells, or rat oligoden-
droglial progenitor cells (13, 15, 38).

The IRF7 promoter contains two IFN-� response regions, a
distal GAS and intronic ISRE sequences. The two response regions
mediate, respectively, the association with STAT1 homodimers
and with a STAT1/IRF9 complex which differs from ISGF3. Using
mouse genetics and ChIP we provide the first evidence that cells
employ complexes of STAT1 and IRF9 for the regulation of IFN-
�-induced genes.

IRF3-deficient cells also showed reduced expression of IFN-�-
induced genes. For the reasons given in the text describing the
results shown in Fig. 2, the role of IRF3 is most likely indirect and
results from reduced STAT1 expression and tyrosine phosphory-
lation. In further disagreement with a direct role of IRF3 in the
regulation of IFN-�-induced genes is our finding that in spite of
constitutive IRF3 expression in fibroblasts, transfection of its ac-
tivating kinase TBK1 did not stimulate the Gbp2 promoter (Fig.
4B). This result suggests that unlike IRF7, IRF3 has limited or no
ability to regulate the expression of IFN-�-induced genes.

Compared to IRF1, IRF7 deficiency had a less pronounced ef-
fect on IFN-�-mediated induction of the Gbp2 gene (36). In part,
this results from the participation of IRF1 in the regulation of Irf7
gene expression; hence, IRF1�/� cells contain reduced amounts of
IRF7 besides lacking IRF1. This finding also explains the delay in
IRF7 expression compared to IRF1. The data suggest that IRF1
and IRF7 are not simply redundant in the context of the transcrip-
tional IFN-� response but that they exert their predominant ef-
fects during overlapping but kinetically separated phases of tran-
scription, with IRF1 preceding IRF7. Additionally, the results of
our reporter gene analyses support the conclusion that IRF1 and

IRF7 enhance each other’s activity when simultaneously present at
target promoters. IRF7 association with ISRE sequences to regu-
late IFN-�-induced genes is consistent with a recent report show-
ing that ISRE sites in the promoters of type I IFN-stimulated genes
can be targeted by IRF7 to induce a type I IFN-like antiviral re-
sponse in the absence of ISGF3 (42).

Using a ChIP assay to monitor RNA Pol II recruitment to the
Gbp2 promoter, we found that IRF7 stimulated RNA Pol II bind-
ing during the delayed phase of the transcriptional response to
IFN-�. Hence, both IRF1 and IRF7 affect promoter binding of Pol
II, but the maximal activity of IRF7 is delayed with respect to that
of IRF1. Both IRF family members may additionally contribute to
the recruitment of the Pol II kinases CDK7-TFIIH and/or CDK9-
pTEFb, which are needed to efficiently engage RNA Pol II into
active transcription.

Unlike IRF1, activation of the Gbp2 promoter by IRF7 oc-
curred only in the presence of the kinases TBK1 and/or IKK�.
Absence of both kinases led to a reduction of Gbp2 and Tap1 gene
expression comparable to that observed in Irf7-deficient cells.
This led us to conclude that phosphorylated IRF7 activates the
corresponding promoters. Our notion was further strengthened
by the finding that IRF7 was unable to stimulate the expression of
the Gbp2 promoter-luciferase construct in Tbk1/Ikbke double-
deficient MEFs, unless TBK1 was reexpressed. Treatment with
IFN-� did not enhance the TBK1/IKK�-dependent transcrip-
tional activity of IRF7. Therefore, TBK1/IKK� may not be acti-
vated downstream of the IFNGR or, alternatively, its activation by
IFN-� is irrelevant for the genes examined in our study. We pro-
pose that basal activity of TBK1/IKK� suffices to bring about the
necessary IRF7 phosphorylation. Support for this hypothesis was
obtained by 2D PAGE analysis, suggesting that basal TBK1/IKK�
activity generates at least three IRF7 phosphoisoforms in WT but
not in Tbk1/Ikbke�/� MEFs. This is, to our knowledge, the first
report of a constitutive activity of the TBK1/IKK� kinase model
with a clear biological impact not on the virus-induced pattern
recognition pathways through which the kinases are usually acti-
vated but on an independent pathway. Our data thus describe a
novel mode of employing the same kinase module in distinct
pathways of the immune system.

The IRF7 regulatory region contains eight serines as possible
targets for TBK1/IKK�, and a series of IRF7 phosphoisoforms is
generated upon viral infection and activation of the two kinases
(6). Only three isoforms could be detected in our experiments,
and the analysis of several different IRF7 mutants revealed that a
combination of phosphorylated serines, especially S425-S426 and
S437-S438, are required for IRF7 transcriptional activity in the
context of IFN-� signaling. The M15 mutant containing phospho-
mimetic aspartate residues of all regulatory domain serines except
S425 and S426 was active in the absence of TBK/IKK�, but its
activity could be enhanced by selective introduction of TBK1 to
exceed that of WT IRF7. In contrast, transfection of the same
mutant into MEFs expressing both TBK1 and IKK� resulted in
GBP2 expression levels comparable to or lower than those of WT
IRF7. This phenomenon can best be explained by a negative effect
of IKK�. Further unpublished studies in our lab are consistent
with this assumption. Negative regulation of TBK1 activity by
IKK� could result from competition for common adapter pro-
teins (33) or from a direct inhibitory phosphorylation of either
TBK1 or IRF7 by IKK�.

Contrasting the findings for Gbp2 expression, Socs1 expression
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was reduced in Irf7�/� MEFs but still fully responsive to IFN-� in
Tbk1/Ikbke�/� MEFs. Hence, IRF7 presence is required for full
expression of IFN-�-induced genes containing IRF binding sites,
but its phosphorylation is required only for a subset of such genes.
We speculate that phosphorylation of IRF7 may be necessary at
the promoters of Gbp2-like genes to recruit cofactors and, per-
haps, to introduce activating chromatin marks whereas, in con-
trast, these prerequisites for transcriptional activation may be im-
plemented at promoters of Socs1-like genes independently of IRF7
recruitment. In this context, it is interesting to note that the input
of IRF7 to transcriptional initiation of the Gbp2 promoter, but not
its nuclear translocation or the recruitment to target promoters,
requires TBK1-mediated phosphorylation. This is demonstrated
both by the TBK1-independent effect of IRF7 on SOCS1 expres-
sion and the binding of IRF7 to the Gbp2 promoter in Tbk1/Ik-
bke�/� cells.

In addition to these mechanistic statements, our data allow
speculation about immunological consequences of IFN-�-
induced IRF7 expression. Most cells in an organism do not express
IRF7 constitutively, consistent with its classification as a class II
transcription factor. A notable exception from this rule is a subset
of dendritic cells, plasmacytoid dendritic cells (pDCs), often re-
ferred to as interferon-producing cells (IPCs) due to their capa-
bility to produce large amounts of type I IFNs very soon after their
exposure to a pathogen. A hallmark of pDCs is the constitutive
expression of IRF7, the “master regulator” of type I IFN produc-
tion. Since type I IFNs are mainly produced in response to intra-
cellular pathogens, pDCs play a fundamental role in the defense
against various viral infections (14, 27). Our results, together with
recent work by others, indicate that IRF7 is expressed in a variety
of cell types upon IFN-� treatment and may participate in the
induction of an antiviral state either alone or in synergy with type
I IFNs (13, 15, 38, 42). By elevating the basal levels of IRF7 in
non-pDCs, IFN-� may play a prominent role in enhancing the
innate immune response against invading intracellular pathogens.

Whereas the ability of interferons to stimulate IRF7 produc-
tion explains their priming activity for transcription of type I IFN
genes, it remains an open question why activation of the IFN-� or
IFN-� promoters, but not stimulation of interferon-induced
genes, requires full activation of TBK1/IKK� by pattern recogni-
tion receptor signaling prior to IRF7 phosphorylation. One poten-
tial explanation for this is that the basal TBK/IKK� activity which
appears to suffice for the stimulation of IFN-induced genes does
not produce the phosphoisoforms needed to activate the type I
IFN gene promoters. In line with this assumption, several IRF7
isoforms not present in unstimulated or IFN-�-stimulated cells
are found in virus-infected cells (6). Alternatively, basal TBK1
activity may not suffice to produce transcriptionally active IRF3.
These hypotheses will be tested in future work.
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