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Differential expression of the human interferon A (IFN-A) gene cluster is modulated following paramyxo-
virus infection by the relative amounts of active interferon regulatory factor 3 (IRF-3) and IRF-7. IRF-3
expression activates predominantly IFN-A1 and IFN-B, while IRF-7 expression induces multiple IFN-A genes.
IFN-A1 gene expression is dependent on three promoter proximal IRF elements (B, C, and D modules, located
at positions �98 to �45 relative to the mRNA start site). IRF-3 binds the C module of IFN-A1, while other
IFN-A gene promoters are responsive to the binding of IRF-7 to the B and D modules. Maximal expression of
IFN-A1 is observed with complete occupancy of the three modules in the presence of IRF-7. Nucleotide
substitutions in the C modules of other IFN-A genes disrupt IRF-3-mediated transcription, whereas a G/A
substitution in the D modules enhances IRF7-mediated expression. IRF-3 exerts dual effects on IFN-A gene
expression, as follows: a synergistic effect with IRF-7 on IFN-A1 expression and an inhibitory effect on other
IFN-A gene promoters. Chromatin immunoprecipitation experiments reveal that transient binding of both
IRF-3 and IRF-7, accompanied by CBP/p300 recruitment to the endogenous IFN-A gene promoters, is asso-
ciated with transcriptional activation, whereas a biphasic recruitment of IRF-3 and CBP/p300 represses IFN-A
gene expression. This regulatory mechanism contributes to differential expression of IFN-A genes and may be
critical for alpha interferon production in different cell types by RIG-I-dependent signals, leading to innate
antiviral immune responses.

The immediate cellular response to virus infection is char-
acterized by the transcriptional activation of type I interferon
(IFN) genes, which are involved in the host antiviral defense
program (35, 79). Multiple alpha interferon (IFN-�) subtypes
and the single IFN-� subtype exhibit antiviral and immuno-
modulatory activities, which culminate in the maturation of
antigen-presenting cells and T-cell activation (79). IFN-� sub-
types, although signaling through the same cell surface recep-
tor, display distinct biological effects (16, 33, 82, 84), suggesting
that qualitative and quantitative differences in IFN-� produc-
tion during viral infection may affect the formation, magnitude,
and duration of innate and adaptive antiviral immune re-
sponses.

The interferon A (IFN-A) multigenic family consists of 13
functional members located in the ifn locus on human chro-
mosome 9, together with the single IFN-B gene (7, 13). Anal-
ysis of human IFN-A gene expression patterns in Sendai virus-
infected plasmacytoid dendritic cells (pDCs), monocytes, and
monocyte-derived dendritic cells (mDCs) has demonstrated
that each cell population expresses predominantly IFN-A1,
with multiple species of IFN-A expressed in pDCs (32),
whereas IFN-A genes are expressed at similar levels in pDCs

infected by influenza virus (10). Thus, differential expression of
human IFN-A genes varies depending on virus and cell type, in
agreement with previous in vivo studies of mice (1, 4, 11, 12, 24,
31, 37). IFN-A/B gene transcription is triggered via distinct
signaling pathways that converge on the activation of inter-
feron regulatory factor 3 (IRF-3) and IRF-7 (26), although
other IRFs are also involved in cell-specific regulation of the
late phases of IFN-A gene transcription (76). In pDCs, Toll-
like receptor (TLR)-mediated signaling by TLR7/8/9-depen-
dent pathways is critical for rapid and high-level expression of
IFN-A/B genes mediated by IRF-7 (26–28, 30, 34, 36). TLR3
that is predominantly expressed in immature mDCs and
TLR-4 essentially operating in mDCs and monocyte/macro-
phage cells require TANK-binding kinase 1 (TBK1), IRF-3,
and IRF-7 (25). In conventional dendritic cells and other cell
types such as fibroblasts or epithelial cells, RNA virus infection
stimulates IFN-� expression upon ligand stimulation of the
mitochondrion-associated RNA helicases retinoic acid-induc-
ible gene I (RIG-I) and melanoma differentiation-associated
gene 5 (MDA-5), which leads to the activation of TBK1 and
I�B-related kinase ε (IKKε) (29, 34, 44, 55, 66, 86). DNA
virus-dependent signaling through DNA-dependent activator
of IRFs requires TBK1 and IRF-3 to induce type I IFN gene
expression (78).

Phosphorylation of specific C-terminal serine/threonine res-
idues of IRF-3 and IRF-7 by TBK1 and/or IKKε is essential for
inducing IFN-A/B gene expression (14, 75). Thus, IRF-3 and
IRF-7 display similarities regarding their virus-induced phos-
phorylation, dimerization, and nuclear transport (23, 42, 43,
51). These factors differ in their expression levels and their
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interaction with DNA and transcriptional coactivators CBP
and p300 (62, 63, 69, 77). IRF-3 is constitutively expressed in
all cell types, whereas the expression of IRF-7 is constitutive in
lymphoid cells and certain dendritic cell subsets but is also
induced by IFN-�/� produced during viral infection (73). Most
of the data on the individual roles of IRF-3 and IRF-7 in
differential IFN-A gene regulation derive from in vitro studies
of mice. They indicate that maximal virus-induced transcrip-
tion of the mouse IFN-A4 gene requires the presence of three
IRF elements located in the virus-responsive element A4
(VRE-A4), delimited to a region (positions �120 to �40) of
the IFN-A4 gene promoter (2, 5). IRF-3 and IRF-7 display
differential specificity and affinity for these IRF elements (B,
C, and D modules) and determine the expression levels of the
IFN-A4 gene following virus infection (9). Among these three
modules, the C module specifically binds IRF-3 but is a weak
site for IRF-7 interaction; the B and D modules are primarily
required for IRF-7 binding and transactivation. The mouse
IFN-A11 gene is poorly induced by virus infection because of
nucleotide substitutions that disrupt both the C and D modules
in the promoter, thus preventing IRF-3 and IRF-7 binding and
activation (8, 56, 57). It was also suggested that IRF-3 ensures
the initial activation of IFN-A4 and IFN-B genes in mouse
embryonic fibroblasts and that in a second step, it participates
in the amplification of the IFN-A4 and IFN-B genes and trans-
activation of other IFN-A genes, in cooperation with IRF-7
(50). All together, these data suggest that subtle differences in
the cognate binding sites present in target promoters deter-
mine the magnitude of the IFN-A gene response to IRF-3 or
IRF-7.

In this study, we analyzed the relative contribution of IRF-3
and IRF-7 to virus-induced expression of human IFN-A sub-
types. Real-time reverse transcription-quantitative PCR
(qPCR) data, together with chromatin immunoprecipitation
(ChIP) assays and promoter activation analyses, demonstrate
that differential recruitment of IRF-3 and/or IRF-7 to the
IFN-A promoter modules dictates the relative levels of IFN-A
gene activation.

MATERIALS AND METHODS

Cell culture and virus infection. Human Namalwa B cells (B lymphocytes from
Burkitt’s lymphoma; ATCC CRL-1432) were grown in RPMI 1640 medium
(Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS),
glutamine, and antibiotics. Human embryonic kidney 293T (HEK293T) cells
(ATCC CRL-11268) were grown in minimum essential medium (MEM) (In-
vitrogen) supplemented with 8% FBS, glutamine, and antibiotics. 2fTGH (hu-
man fibrosarcoma cells) (52, 64), 2fTGH-F7 (obtained by stably expressing the
pcDNA3-IRF-7 plasmid), and HEK293 cells constitutively expressing TLR3
(InvivoGen, San Diego, CA) were grown in Dulbecco’s modified Eagle medium
(Invitrogen) supplemented with 10% FBS, glutamine, and antibiotics. Infection
of cells with Sendai virus (400 to 800 hemagglutinating units/ml) was performed
at a multiplicity of infection of 1 to 5 in serum-free media. After 1 h, cells were
washed, placed in growth media containing 2% FBS, and then harvested at
different times (from 1 to 20 h) following infection.

Plasmids. Promoter sequences for IFN-A1, IFN-A2 (accession number
AL353732), IFN-A4, IFN-A7 (accession number AL512606), and IFN-A14 (ac-
cession number AL162420) were obtained from the GenBank database. IFN-A–
pGL3 reporters (IFN-A1, positions �140 to �19; IFN-A2, positions �135 to
�59; IFN-A4, positions �150 to �50; IFN-A7, positions �119 to �2; IFN-A14,
positions �202 to �58) were generated by cloning the PCR products from 293
cell genomic DNA into the SmaI site of the pGL3-basic vector (40). Constructs
A1-C7 (carrying the �82A/G and �79G/A substitutions), A1-C14 (carrying the
�81A/G and �79G/A substitutions), and A1-C7D7 (carrying the �82A/G,
�79G/A, �52G/A, and �44C/T substitutions) were obtained by two-step PCR

mutagenesis of the human IFN-A1 gene promoter. Similar two-step PCR mu-
tagenesis of the human IFN-A7 gene promoter was used to obtain the A7-C1
(carrying the �82G/A and �79A/G substitutions) and A7-DTA (carrying the
�52A/T and �51T/A substitutions) constructs. The sequence of each construct
was confirmed by DNA sequence analysis. Plasmids expressing human IRF-3,
IRF-3(5D), IRF-7A, IRF-7(2D), TBK1, and IKKε have been previously de-
scribed (40, 75, 87). The pUNO-hTRAF3 plasmid encoding human TRAF3 was
purchased from InvivoGen.

Transfections and reporter assays. HEK293T and HEK293-TLR3 cells were
seeded at 7 � 104 cells in 12-well plates in MEM supplemented with 5% fetal calf
serum. After 18 to 24 h, 50 or 500 ng of reporter plasmid, 50 ng of reference
plasmid pIEF-LacZ, and various amounts of IRF- or kinase-expressing plasmids
were transfected by calcium phosphate (19) or Lipofectamine 2000, according to
the manufacturer’s protocol (Invitrogen). Twenty-four hours after transfection,
cells were harvested to monitor the enzymatic activities. Luciferase values, nor-
malized according to �-galactosidase levels, were obtained from at least three
independent transfection experiments, each performed with two or three differ-
ent clones. Inducibility (induction level) corresponds to the ratio between rela-
tive transcription (RT) values obtained with IRF-3(5D), IRF-7A, or IRF-7(2D)
and RT values obtained by transfection of pcDNA3, used as a control.

siRNA experiments and immunoblot analyses. HEK293T cells were seeded
using 2 � 105 cells in 6-well plates in MEM supplemented with 5% fetal calf
serum. After 18 to 24 h, 75 ng of pcDNA3-Flag-IKKε or pcDNA3-Flag-TBK1
was transfected by Lipofectamine, together with 80 pmol of a small interfering
RNA (siRNA) mixture that contains a pool of three target-specific siRNAs for
IRF-3 (sc-35710; Santa Cruz Biotechnology, CA), IRF-7 (sc-38011), or a scram-
bled siRNA (sc-37007) used as a control. Additional experiments with a con-
struct coding for IRF-3 short hairpin RNA or IRF-7 short hairpin RNA (sh-
TRCN 5919 and sh-TRCN 14859, respectively; Sigma-Aldrich, MO) provided
inhibitory results similar to those of a control plasmid (shc002). Cells were
harvested 72 h after transfection and analyzed for IFN-A gene expression by
reverse transcription-qPCR. Specificity and efficiency of siRNA on endogenous
protein expression were tested by Western blotting (21) of whole-cell extracts (20
�g of total proteins separated on 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis) using IRF-3 or IRF-7 polyclonal antibodies (sc-9082 and sc-
9083, respectively; Santa Cruz Biotechnology, CA) and antiactin antibodies
(MAB1501; Millipore Corporation, MA). IKKε and TBK1 proteins were de-
tected using monoclonal anti-FLAG antibodies (M2; Sigma-Aldrich).

ChIP assays. Both 2fTGH and 2fTGH-F7 cells (5 � 106 cells per 100-mm
plate) were infected by Sendai virus and analyzed by ChIP assays, according to
the work of Wathelet et al. (83), before and at 1, 2, and 4 h following infection.
Similar assays were performed using HEK293T cells (2 � 106 cells per 100-mm
plate) transfected with 750 ng of pcDNA3-Flag-IKKε in the presence of 1,500 ng
of pcDNA3-IRF-3wt or pcDNA3-IRF-7A. Briefly, protein-DNA cross-linking
was performed by incubation with 1% formaldehyde for 30 min at 37°C. The
reaction was stopped by the addition of 0.125 M glycine. Cell pellets were washed
twice in phosphate-buffered saline, nuclei were lysed, and chromatin was sheared
by sonication, 10 times for 30 s. Protein-bound cross-linked chromatin was
purified by isopycnic centrifugation in a SW55Ti rotor at 40,000 rpm for 40 h.
Purified chromatin (5 �g) was incubated overnight at 4°C, with 2 �g of the
following polyclonal antibodies from Santa Cruz: anti-IRF-3 (sc-9082), anti-
IRF-7 (sc-9083), anti-CBP (sc-583), or anti-p300 (sc-584). Immunocomplexes
isolated on protein A-Sepharose were treated with RNase A (50 �g/ml), 0.5%
sodium dodecyl sulfate, and proteinase K (500 �g/ml) before reversion of the
cross-link by heating at 65°C overnight. DNA was recovered after phenol-chlo-
roform extraction, and ethanol precipitation was used as template for qPCR,
with primer sets designed to amplify the fragment (positions �178 to �59) of
IFN-A1, the fragment (positions �184 to �24) of IFN-A2, the region (positions
�177 to �39) of IFN-A7, the region (positions �184 to �49) of IFN-A14, or the
region (positions �150 to �5) of IFN-B (primer sequences available upon
request). Each promoter fragment includes the binding sites for IRF-3 and
IRF-7. Relative binding or recruitment of a factor on the promoter was
determined by computing Ae

�Ctinput � Cttarget	; Ae is the amplification efficiency of a
primer set, Ctinput is the amplification signal obtained with input DNA (4%),
and Cttarget is the signal obtained with chromatin precipitated by specific
antibodies.

Real-time reverse transcription-qPCR analysis. DNase I-treated total RNA
was prepared using the NucleoSpin RNA L isolation kit (Macherey-Nagel, Ger-
many). Reverse transcription reactions were primed with oligo(dT)12–18 and
performed with 2 �g of total RNA using the SuperScript reverse transcriptase
(Invitrogen, San Diego, CA). Primer sets for IFN-A subtypes did not generate
PCR products in the absence of reverse transcription. qPCR assays were per-
formed at least in triplicate using the ABsolute qPCR SYBR Green ROX mix
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(500 nM) (ABgene, Epsom, United Kingdom) in a 7900HT fast real-time PCR
system apparatus (Applied Biosystems, Foster City, CA). Since IFN-A and
IFN-B genes are devoid of intervening sequences, PCR products used to estab-
lish the standard curves have been quantified, with reference to human genomic
DNA, allowing comparison between the expression levels of each IFN-A sub-
type. Standard curves were obtained using 4-log-range dilutions of human
genomic DNA or a plasmid that contains the cDNA encoding the gene of

interest. All primer pairs generated a single product, checked in each assay by
analysis of the melting curves. The IFN-A primer pairs used were previously
described (70), except for IFN-A4 TRAF3 and glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) (primer sequences available upon request). Primer pairs
used to detect human IRF-3 and IRF-7 were previously described (32). Quantifica-
tion data are presented as the number of mRNA copies calculated for 1,000 copies
of GAPDH mRNA.

FIG. 1. Human IFN-A gene expression pattern induced by Sendai virus infection in natural IFN-�-producing cells. (A) Namalwa B cells were
left untreated (mock-induced conditions) or infected by Sendai virus and harvested at different times (2, 4, 8, 12, 16, and 20 h) following infection.
A total of 2 �g of total RNA extracted from these cells was submitted to reverse transcription and real-time qPCR analysis. The mRNA levels of
IFN-B, IRF-3, IRF-7, and different IFN-A genes, indicated as copy numbers calculated for 1,000 copies of GAPDH mRNA, are plotted on a
logarithmic scale, together with standard deviation values. Black bars indicate the expression levels detected under mock-induced conditions. The
different IFN-A gene subtypes and the IFN-B gene are presented according to their position in the ifn locus on human chromosome 9 (7). High
percentages of sequence homology for the IFN-A1 and IFN-A13 genes (99.7% in the coding region) did not allow distinction between these genes.
IFN-A1 expression levels presented in this study represent the total amounts of both IFN-A1 and IFN-A13 mRNAs. (B) Human IFN-A genes are
grouped according to their expression pattern in virus-infected Namalwa cells. The first group includes IFN-A1, -A2, and -A5, which exhibited two
peaks observed at 2 and 8 h postinfection; a second group (IFN-A10, -A8, -A17, -A16, and -A14) displayed maximal expression at 8 h, whereas
a third group (IFN-A7, -A21, and -A4) peaked later at 12 h. The IFN-A6 gene is not expressed in these cells. (C) Modulation of IRF-3 and IRF-7
mRNA levels in virus-infected Namalwa cells. An increase in the IRF-7/IRF-3 ratio between 2 and 8 h (shown in gray) correlated with the
expression of IFN-A genes. (D) Whole-cell extracts (40 �g) analyzed by Western blotting by using IRF-3, IRF-7 and antiactin antibodies. �, anti;
SeV, Sendai virus; MI, mock induced.
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RESULTS

Human IFN-A gene expression in IFN-�-producing Nama-
lwa cells. The expression of IFN-A genes was examined by
real-time reverse transcription-qPCR in a well-characterized
IFN-A-producing cell—Namalwa B lymphoid cells—following
infection by Sendai virus that signals through the RIG-I–IRF-
3/7 pathway (24, 34, 67, 85, 86, 88). In these cells, IFN-A
subtypes were expressed at different levels (Fig. 1A) and with
different kinetics following virus infection (Fig. 1B). The ex-
pression patterns were divisible into three groups; the first
group, including IFN-A1, IFN-A2, and IFN-A5, exhibited a
biphasic pattern, with two peaks of expression observed at 2 h
and 8 h postinfection. The expression of a second group of
genes (IFN-A10, -A8, -A17, -A16, and -A14) reached maximal
levels at 8 h; a third group of genes (IFN-A7, -A21, and -A4)
peaked later at 12 h. Expression of IFN-A6 was never detected.
A concomitant analysis of IRF-3 and IRF-7 expression re-
vealed that IRF-3 levels (200 to 400 copies relative to 1,000
GAPDH copies) remained constant during virus infection, ex-
cept for a 10-fold increase at 2 h, whereas IRF-7 levels in-
creased dramatically after infection, reaching maximal levels at
4 h postinfection (2,500 copies); thus, the ratio of IRF-7 to
IRF-3 in Namalwa cells increased from 1:1 at 2 h to 6:1 be-
tween 4 to 8 h and subsequently decreased to 2:1 (Fig. 1C).
Accordingly, the IRF-7 protein was detectable at 3 to 6 h after
infection and then decreased significantly thereafter, whereas
IRF-3 protein levels remained essentially constant during virus
infection (Fig. 1D). These quantitative differences in protein
levels are likely due to the shorter half-life of the IRF-7 protein
compared to that of IRF-3, as shown previously (68). A simul-
taneous increase in both IRF-7 and IRF-3 levels at 2 h corre-
lated with an increase in the expression of the first and second
groups of IFN-A genes, and a subsequent five- to sixfold in-
crease in the IRF-7/IRF-3 ratio preceded the maximal levels of
IFN-A gene expression. These results suggested that the tem-
poral and quantitative differences in IFN-A gene expression
might be modulated by the relative abundance of IRF-7 and
IRF-3 during the course of the infection. We therefore focused
on the impact of predominant IRF-3 or IRF-7 expression on
IFN-A gene regulation.

The effect of predominant expression of IRF-7 or IRF-3 on
IFN-A gene expression. In order to modulate the levels of
IRF-3 and IRF-7, it was necessary to examine IFN-A gene
expression in HEK293-TLR3 cells of high transfection effi-
ciency. These cells constitutively express low levels of TRAF3
that compromise RIG-I- or TLR3-dependent IFN-A/B gene
expression, as shown by other groups for parental HEK293
cells (20, 61, 72). Transfection of the pUNO-hTRAF3 plasmid
in the cells increased the TRAF3 mRNA expression levels by

1,000- to 2,000-fold (compare Fig. 2A and B or C). HEK293-
TLR3 cells also constitutively express 1,500 to 2,000 copies of
IRF-3 and 150 to 200 copies of IRF-7 per 1,000 copies of
GAPDH, respectively (Fig. 2A). In mock-induced cells over-
expressing TRAF3 alone or together with IRF-3 or IRF-7, very
low levels of IFN-B expression (5 to 10 copies) and no IFN-A
gene expression were detected (Fig. 2A). Infection of TRAF3-
expressing cells by Sendai virus resulted only in robust induc-
tion of the IFN-B gene (4,000 copies at 8 h postinfection) (Fig.
2A). Exogenous IRF-3 expression increased IRF-3 mRNA lev-
els to 60,000 copies, giving an IRF-7/IRF-3 mRNA ratio vary-
ing between 1:100 and 1:400, whereas IRF-7 expression (also
60,000 copies) provided average ratios of 15:1 and 30:1 (Fig.
2B and C). Virus infection induced high levels of IFN-B
mRNA (1,500 copies) in cells expressing IRF-3 and negligible
amounts (1 to 3 copies) of IFN-A mRNA, corresponding to
IFN-A1, -A2, and -A5, which are group 1 genes (Fig. 2B). In
contrast, virus infection in the presence of IRF-7 induced high
levels of IFN-A gene expression (Fig. 2C); IFN-A1, -A7, -A16
(350 to 450 copies), -A10 (1,200 copies), -A2, -A8, and -A17
(150 to 200 copies)—group 1 and 2 genes—were detected, in
addition to high levels of IFN-B (5,000 to 7,000 copies) at 8 to
12 h postinfection (Fig. 2C). These results demonstrate that
modulation of the relative ratios of IRF-3 and IRF-7 led to
differential expression of IFN-A genes; surprisingly, when
IRF-3 expression was predominant, IFN-A genes were poorly
induced, suggesting that IRF-3 had no significant stimulatory
effect or even had an inhibitory effect on IFN-A gene ex-
pression.

Expression of increasing amounts of IRF-3 or IRF-7 in
HEK293 cells further substantiated this observation (see Fig.
S1 in the supplemental material). Low-level expression of
IRF-7A (80 copies) led to detection of IFN-A5, -A10, -A14,
-A16, -A17, and IFN-B mRNAs (see Fig. S1A in the supple-
mental material). In the presence of 8- to 9-fold-higher
amounts of IRF-7A (600 to 700 copies), IFN-A/B genes in-
creased moderately (1.5- to 2-fold), but IFN-A1, -A2, -A7, and
-A8 mRNAs were newly detected (see Fig. S1B in the supple-
mental material). Low-level expression of IRF-3(5D)—an ac-
tive form of IRF-3 (41)—essentially stimulated the expression
of IFN-B (30 to 35 copies) and IFN-A1 (10 to 12 copies), with
negligible induction (2 to 4 copies) of IFN-A7, -A8, -A10,
-A14, and -A16 transcripts (see Fig. S1C in the supplemental
material). A 20-fold increase in IRF-3(5D) amounts did not
modify this pattern (see Fig. S1D in the supplemental ma-
terial).

To assess this distinct effect of IRF-3 on IFN-A genes,
2fTGH cells, a human fibrosarcoma cell line, were used (52,
53), because these cells constitutively express IRF-3 and TBK1

FIG. 2. Sendai virus-induced IFN-A gene expression patterns in HEK293-TLR3 cells. HEK293 cells constitutively expressing TLR3 were
transfected with 0.5 �g of pUNO-TRAF3, 50 ng of pcDNA3-IRF-3wt, or 50 ng of pcDNA3-IRF-7A (A) or with TRAF3 together with
pcDNA3-IRF-3wt (B) or pcDNA3-IRF-7A (C). A total of 24 h after transfection, cells were either left untreated (mock infected) or infected with
Sendai virus. HEK293 cells transfected only with TRAF3, IRF-3, or IRF-7 were infected for 8 h, whereas cells coexpressing TRAF3 and IRF-3
or IRF-7 were harvested at different times (2, 4, 8, 12, 16, and 20 h) following infection. The expression levels of IFN-B, IRF-3, IRF-7, and different
IFN-A genes determined by qPCR are indicated as mRNA copy numbers calculated for 1,000 copies of GAPDH mRNA and plotted on a
logarithmic scale, with standard deviation values. Black bars in panels A, B, and C indicate the expression levels detected under mock-induced
conditions. TRAF3 mRNAs levels are indicated in the insets.
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FIG. 3. Human IFN-A gene expression patterns and in vivo recruitment on IFN-A gene promoters induced by Sendai virus infection in 2fTGH cells and
2fTGH-F7 cells stably expressing IRF-7. Both 2fTGH cells (A) and 2fTGH cells stably transfected with IRF-7 (2fTGH-F7) (C) were left untreated (mock-
induced conditions) or infected by Sendai virus and harvested at different times (4, 8, 12, 16, and 20 h) following infection, as indicated. RNA was extracted from
these cells and subjected to real-time qPCR. The expression levels of IFN-B, IRF-3, IRF-7, and different IFN-A genes are indicated as mRNA copy numbers
calculated for 1,000 copies of GAPDH mRNA and plotted on a logarithmic scale, with standard deviation values. Black bars indicate the expression levels
detected under mock-induced conditions. In vivo recruitment of IRF-3, IRF-7, CBP, and p300 was analyzed in 2fTGH cells (B) and 2fTGH-F7 cells (D) left
untreated or infected by Sendai virus for 1, 2, and 4 h by ChIP assays. After immunoprecipitation, de-cross-linked chromatin was subjected to real-time qPCR,
using specific primers for each IFN-A gene promoter. The relative binding of a factor on an IFN-A/B gene promoter was calculated as the ratio of amplification
signal obtained, with the chromatin immunoprecipitated by specific antibodies to the signal obtained with input DNA. IgG, immunoglobulin G.
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(150 to 200 and 250 to 300 copies, respectively), but do not
express IRF-7 due to high methylation of the IRF-7 gene
promoter (3, 45). Infection of 2fTGH cells by Sendai virus
induced high levels of IFN-B (1,000 copies) and very low levels
of IFN-A1 (2 to 4 copies) at 4 h postinfection, whereas other
IFN-A mRNAs were undetected (Fig. 3A). ChIP analysis per-
formed during the first hours after virus infection revealed that
IRF-3 was recruited to multiple endogenous IFN-A1, -A2,
-A7, -A14, and IFN-B promoters at 2 h postinfection, although
only IFN-A1 and IFN-B genes were expressed (Fig. 3B). Stable
reconstitution of IRF-7 in 2fTGH cells restored a low level of
IFN-A gene expression following virus infection and further
increased IFN-B gene transcription (Fig. 3C). IRF-3 recruit-
ment to endogenous IFN-A gene promoters at 2 h postinfec-
tion was concomitant with IRF-7, p300, and CBP recruitment
(Fig. 3D). Thus, in the absence of IRF-7, IFN-A1 was the only
gene expressed, whereas other IFN-A gene promoters were
transcriptionally silent, despite their capacity to recruit IRF-3.
Again, these results argue that IFN-A gene expression is acti-
vated predominantly by IRF-7, whereas IRF-3 alone fails to
activate most IFN-A genes.

Organization of IRF elements in the human IFN-A gene
promoters. To further evaluate the molecular basis of differ-
ential IFN-A gene regulation by IRF-3 and IRF-7, the expres-
sion data described above were correlated with the known
modular structure of the IFN-A promoters (2, 8, 71). The
human IFN-A1 gene contains three IRF-binding elements lo-
cated within 120 bp upstream of the transcription initiation site
of this gene. This organization bears striking similarity to the
promoter organization of the murine homologue IFN-A4,
which also contains three IRF-binding sites (B, C, and D mod-
ules) in the virus-responsive element VRE-A4 that are re-
quired for maximal IFN-A4 promoter activation (2, 5). The C
module is critical for IRF-3 and CBP recruitment to the mouse
IFN-A4 promoter but is dispensable for IRF-7 binding, which
is mediated predominantly via the B and D modules (8). Se-
quence comparison indicated that the B module is highly con-
served in human IFN-A gene promoters (Fig. 4). Interestingly,
the C module is present only in IFN-A1 and IFN-A13, whereas it
is modified by �79G/A substitution in other IFN-A promoters as
well as by �81A/G in IFN-A2, -A5, -A6, -A8, and -A14 and
�82A/G in IFN-A4, -A7, -A10, -A16, -A17, and -A21 (Fig. 4).

FIG. 4. Sequence comparison of the virus-responsive elements of human IFN-A gene promoters. Maximal sequence alignment of human
IFN-A gene promoters relative to that of IFN-A1 indicates that three IRF elements (B, C, and D modules) are highly conserved in IFN-A1 and
-A13 (7, 48, 58). IFN-A gene promoters are listed according their divergence in IRF elements. Remarkably, the �79G/A substitution in the C
module and the �52G/A substitution in the D module are observed in all IFN-A promoters except IFN-A1 and -A13. By the �82A/G or �82A/C
substitution in the C module, IFN-A4, -A7, -A10, -A16, -A17, and -A21 promoters represent a group distinct from the group of IFN-A2, -A5, -A8,
and -A14 promoters carrying the �81A/G substitution and from IFN-A6 carrying both �82 A/C and �81A/G substitutions. Data presented in Fig.
5 and 6 indicate that the B module, conserved in all human IFN-A promoters, is a recognition site for both IRF-7 and IRF-3. The C module,
present in IFN-A1 but absent in all other human IFN-A genes, is recognized by IRF-3 and weakly recognized by IRF-7 when this factor is present
in large amounts. The �52G/A substitution in the D module of all IFN-A gene promoters (except IFN-A1) favors IRF-7 binding and decreases
the response to IRF-3.
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To assess the relative contribution of different modules on
IFN-A gene expression, the human IFN-A1 or IFN-A7 pro-
moter was evaluated in HEK293T cells expressing IRF3(5D)
or IRF-7A. Expression of IRF-3 strongly stimulated the
IFN-A1 promoter (by 150-fold) but weakly stimulated IFN-A7
promoter activity (by 9-fold) (Fig. 5A). In contrast, IRF-7A
expression stimulated both IFN-A1 and -A7 promoter tran-
scriptional activities by 40- and 150-fold, respectively. Disrup-
tion of the C module of the IFN-A1 promoter by the �82A/G
and �79G/A or �81A/G and �79G/A substitutions in the
A1-C7 and A1-C14 constructs, respectively, resulted in a three-
fold decrease in IRF-3(5D) response of these promoters, and
this disruption affected IRF-7A-mediated transcription by two-
fold (Fig. 5A and B). Conversely, generation of a C module in
IFN-A7 (A7-C1 construct) restored the IRF-3(5D) responsive-
ness of IFN-A7 and slightly increased the response to IRF-7.
These results illustrate the critical role of the C element in
IRF3-mediated transcription of the IFN-A1 gene promoter.

Remarkably, the �52G/A substitution that creates a
GAAAAT half-site (italics indicate the DNA step creating
selectivity for IRF-3 and IRF-7) in the D module is observed in
all IFN-A promoters except IFN-A1 and -A13 (Fig. 4). IRF-7,
but not IRF-3, preferentially activates an IRF element con-
taining a GAAAAT motif in the first half-site (56). Consis-
tently, substitution of the D module from the IFN-A1 pro-
moter with the D module from IFN-A7 resulted in an
increased IRF-7 response and a dramatic decrease of IRF3-
mediated transactivation (Fig. 5A). The presence of a
GAAATA motif in the first half-site of an IRF element impairs
the IRF-3- and IRF-7-mediated transcription (8, 56). Accord-
ingly, the �52A/T and �51T/A substitutions, which created a
GAAATA half-site in the D element of IFN-A7, dramatically
decreased the response of the IFN-A7 promoter to IRF-7
(A7-DTA) (Fig. 5A). Thus, the IRF7-mediated transcription of
most IFN-A genes (other than IFN-A1 or IFN-A13) is favored
by the presence of the GAAAAT motif in the first half-site of
the D module.

Taken together, these data indicate that the IRF elements
required for IRF-3-mediated transcription are present only in
IFN-A1 (and IFN-A13). IFN-A gene promoters other than
IFN-A1 are preferentially responsive to IRF-7 by the presence
of the B module in the virus-responsive element and to selec-
tive binding of IRF-7 to the D module.

Differential response of IFN-A promoters to IRF-3 or IRF-7.
The relative response to IRF-7 or IRF-3 was next evaluated
using five different IFN-A promoters, IFN-A1, -A2, -A4, -A7,
and -A14 (Fig. 6). The choice of these representative genes is
based on the data presented in Fig. 1B, with IFN-A1 and -A2
belonging to the first group (biphasic, early expression), IFN-
A14 to the second group (early phase), and IFN-A4 and -A7 to
the third group (late phase). IRF-7A expression stimulated all
IFN-A promoters, albeit to different levels depending on
IRF-7 amounts. The IFN-A1 promoter displayed the highest
level of activities in the presence of large amounts of IRF-7,
whereas this synergism was not observed with the IFN-A2, -A4,
-A7, or -A14 promoters, although they were more responsive
to small amounts of IRF-7 than IFN-A1 (Fig. 6A and B). For
instance, the IFN-A14 gene promoter exhibited the highest
level of activities (RT values of 20 and 35, respectively) when
50 and 100 ng of IRF7A-expressing plasmid were used (3,700

and 5,000 copies, respectively). In contrast, increasing amounts
of IRF-3(5D) stimulated only the IFN-A1 gene promoter ac-
tivity (Fig. 6A and B). Interestingly, IRF-3(5D) expression also
led to a 20-fold increase in the expression levels of endogenous
IRF-7 (data not shown), but remarkably, this induction did not
contribute to IFN-A2, -A4, -A7, and -A14 promoter activation.
This observation suggests that the increase in IRF-7 expression
is not sufficient to compensate for the inhibitory effect exerted
by IRF-3(5D) on IFN-A promoters other than IFN-A1 (de-
scribed below) (Fig. 6C and D).

When increasing amounts of IRF-3(5D) and IRF-7(2D) (40)
were coexpressed with the five IFN-A promoters, a strong
synergism was observed with the IFN-A1 promoter (Fig. 6C
and D). The cooperative effect was calculated as the ratio of
RT values obtained in the presence of both IRFs divided by the
sum of RT values obtained with each factor alone. IRF-3 and
IRF-7 strongly synergized to increase IFN-A1 expression. A
sixfold-higher level of cooperativity was quantified when IRF-
3(5D) amounts were twofold lower than those of IRF-7(2D),
and this synergistic effect remained essentially constant when
IRF-3(5D) amounts were equal to or two- to fivefold higher
than those of IRF-7(2D). A two- to threefold-higher level of
synergism was observed with the IFN-A2 and -A7 gene pro-
moters at low IRF-3/IRF-7 ratios (less than 1:1). No significant
synergistic effect was observed in the case of IFN-A4 and -A14
gene promoters; cooperative RT values were even lower than
those obtained with IRF-7(2D) alone, indicating an inhibitory
effect of IRF-3 on IRF-7-mediated transcription. These data
argue for dual effects of IRF-3 on IFN-A gene transcription.
Thus, IRF-3 cooperates with IRF-7 to synergistically stimulate
IFN-A1 and, to a lesser extent, the IFN-A2 gene promoter.
When IRF-3 is present in twofold-larger amounts than those of
active IRF-7, this factor downregulates the transcription of all
IFN-A gene promoters other than IFN-A1. We therefore con-
cluded that at low concentrations, IRF-3 and IRF-7 synergis-
tically activate IFN-A genes, but when IRF-3 is present in
larger amounts than those of IRF-7, IRF-3 downregulates the
transcription of IFN-A genes. Genes that are highly sensitive
to a cooperative effect on both factors (IFN-A1 and, to a lesser
extent, IFN-A2) require higher levels of IRF-3 for repression.

siRNA-mediated silencing of IRF-3 or IRF-7. We next ex-
amined the consequences of siRNA-mediated silencing of
IRF-3 or IRF-7 on IFN-A gene expression. For these experi-
ments, TBK1 and IKKε kinases were used to phosphorylate
the C termini of IRF-3 and IRF-7, leading to IRF activation, as
previously demonstrated (54, 75). A 2-fold-higher inhibition of
IRF-3 mRNA expression and a greater than 10-fold-higher
inhibition of the IRF-3 protein were observed by silencing with
siRNA–IRF-3; expression of the IRF-7 protein was completely
eliminated by the siRNA against IRF-7 (Fig. 7A). When TBK1
was expressed alone, IFN-B and IFN-A1 were the main sub-
types stimulated. The siRNA-mediated suppression of IRF-3
decreased the expression of IFN-B and IFN-A1 by two- to
threefold, whereas siRNA-mediated inhibition of IRF-7 re-
sulted in a complete abrogation of IFN-A1 but did not signif-
icantly affect IFN-B mRNA production (Fig. 7B and C). IKKε
expression led to high nuclear and low cytoplasmic protein
levels compared to the high levels of TBK1 exclusively de-
tected in the cytoplasm (Fig. 7B). Although expressed at levels
similar to those of TBK1, IKKε expression stimulated multiple
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FIG. 5. Organization of IRF elements in the human IFN-A gene promoters dictates their differential response to IRF-3 and IRF-7.
(A) HEK293T cells were transfected with 500 ng of reporter constructs containing IFN-A1 and IFN-A7 or the mutated versions of these promoters
in the presence of 500 ng of pcDNA3-IRF-3(5D) or pcDNA3-IRF-7A. Promoter constructs are schematized, and IRF elements are indicated as
modules B, C, and D. When disrupted by nucleotide substitutions (indicated by black dots), the C module present in IFN-A1 and the D module
are presented as gray boxes outlined with dashed lines. The TATA box is presented as a hatched box. A total of 24 h after transfection, RT levels
and inducibility (Ind.) of these promoters were determined. (B) Different arrows indicate nucleotide substitutions present in the virus-responsive
elements of IFN-A1 and IFN-A7 that impair the IRF-3- or IRF-7-mediated transcription and substitutions that are preferential for IRF-7 activity.
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FIG. 6. Differential effects of IRF-3 and IRF-7 on IFN-A gene promoter transcription. (A, B) HEK293T cells were transfected with 500 ng of
IFN-A1, -A2, -A4, -A7, and -A14 promoter constructs (A) in the presence of increasing amounts (0, 50, 100, 200, 500, and 1,000 ng) of IRF-3(5D)-
expressing plasmid (presented as open circles) or IRF-7A-expressing plasmid (presented as gray circles) (B). (C) HEK293T cells were transfected with
50 ng of the same IFN-A promoter constructs in the presence of increasing amounts of pcDNA3-IRF-3(5D) either alone or in the presence of 50 ng of
IRF-7(2D)-expressing plasmid. IRF-3(5D)-to-IRF-7(2D) ratios of 0.2 to 4.5 were used in these experiments. A total of 24 h after transfection, the RT
levels of the IFN-A promoters were determined in the presence of IRF-3(5D) (open circles), IRF-7(2D) (gray circles) or both together (black circles).
(D) Cooperativity values between IRF-3 and IRF-7 were calculated for each promoter as the ratio of RT values obtained in the presence of IRF-3(5D)
and IRF-7(2D) to the sum of RT values obtained when each factor was expressed alone. Cooperativity values lower than 1 indicated an inhibitory effect
of IRF-3(5D) on IRF-7(2D)-mediated transcription.
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IFN-A subtypes, including IFN-A1, -A14, and -A16 (10 to 20
copies), and lower amounts of IFN-A2, -A5, -A8, and -A10 (3
to 6 copies of each), together with 150 copies of IFN-B (Fig.
7D). Furthermore, silencing of IRF-3 did not significantly alter
IFN-A gene expression, whereas suppression of IRF-7 by
siRNA completely abrogated the expression of multiple IFN-A
genes, but not IFN-B (Fig. 7D), indicating that IKKε-induced
IFN-A gene expression occurred mainly through IRF-7.

As a complement to the siRNA experiments, coexpression
of the IRFs and two kinases was also performed (see Fig. S2 in
the supplemental material). An expression pattern consisting

essentially of IFN-A1 and IFN-B was also observed in TBK1-
or IKKε-expressing cells in the presence of exogenous IRF-3
(see Fig. S2A and B in the supplemental material). Strikingly,
when IKKε was expressed together with IRF-3, we did not
detect the IFN-A genes observed when the kinase was ex-
pressed alone, except for detecting small amounts (8 to 10
copies) of IFN-A1 gene transcripts (see Fig. S2B in the sup-
plemental material). Coexpression of TBK1 or IKKε together
with IRF-7 stimulated multiple IFN-A genes. When IKKε was
expressed together with IRF-7, a 20-fold increase in expression
of IFN-A1 and IFN-B was detected compared to that of IKKε

FIG. 7. Effect of siRNA-mediated silencing of IRF-3 or IRF-7 on human IFN-A gene expression stimulated by TBK1 or IKKε. (A) Specificity
and efficiency of siRNA on protein expression were controlled in untreated HEK293T cells (�; lane 1) or in cells transfected with 80 pmol of
control siRNA (Sc; lane 2), siRNA for IRF-3 (lane 3), or IRF-7 (lane 4). Whole-cell extracts (20 �g) were analyzed by Western blotting by using
IRF-3, IRF-7, and antiactin antibodies. �, anti. (B) Expression levels of IKKε and TBK1 proteins in nuclear and cytoplasmic extracts from
HEK293T cells transfected with pcDNA3-IKKε or -TBK1 were monitored by Western blotting with monoclonal Flag and antitubulin antibodies
and polyclonal antisera for PARP (used as a nuclear marker). HEK293T cells transfected with 75 ng of pcDNA3-Flag-TBK1 (C) or pcDNA3-
Flag-IKKε (D) either alone (black bars) or together with 80 pmol of control siRNA, siRNA for IRF-3, or siRNA for IRF-7. Cells were harvested
72 h after transfection, and mRNA levels of IRF-3, IRF-7, and IFN-A/B genes were determined by reverse transcription-qPCR. *, P of 
0.05.
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alone (see Fig. S2B in the supplemental material); expression
of other IFN-A genes also moderately increased by two- to
fivefold. In this case, IFN-A4, -A6, and -A21 mRNA (10 to 15
copies) were also detected. The main difference in the effect of
the two kinases consisted of a 10-fold increase in overall ex-
pression of IFN-A/B genes in the presence of IKKε and IRF-7
(see Fig. S2B in the supplemental material). These results
demonstrate that exclusive IFN-A1 and -B gene expression
occurred when IRF-3 was stimulated by TBK-1 or IKKε and
also indicated that overexpression of IRF-3 exerted an inhib-
itory effect on IFN-A gene expression. Furthermore, activation
of multiple IFN-A genes (other than IFN-A1) was mediated
predominantly through IRF-7.

Dual effects of IRF-3 on transcription correlate with differ-
ential IRF-3 and CBP/p300 recruitment to IFN-A gene pro-
moters. Since IRF-3 and IRF-7 exert their transcriptional
effects through CBP/p300 recruitment on target gene pro-
moters (40, 41, 69, 77), recruitment of these factors and
coactivators to selected IFN gene promoters was next ana-
lyzed to obtain insight into the mechanisms of IRF-3- and
IRF-7-mediated transcription. Time course ChIP analysis
performed with HEK293 cells demonstrated that despite the
recruitment of IRF-3 and IRF-7, as well as coactivators CBP
and p300 to the endogenous IFN-A1, -A2, and -A14 pro-
moters, weak or no transcriptional activity was detected
(Fig. 8A), whereas this recruitment correlated with robust
IFN-B gene expression. IRF-3 binding was observed at 12 h,
diminished to threshold levels at 15 h, and then increased
again to reach maximal levels at 18 h (Fig. 8A). This bipha-
sic recruitment was concomitant, with a similar recruitment
of CBP and p300, but was not associated with IFN-A gene
transcription. In contrast, a transient IRF-7 recruitment was
observed at 12 h posttransfection and gradually decreased to
24 h. Biphasic IRF-3 recruitment was not observed in cells
expressing IKKε and IRF-7 (Fig. 8B). In these cells, IRF
recruitment to the endogenous IFN-A/B promoters was de-
tected at 12 h and 15 h, thereafter decreasing from 18 h
posttransfection. Transient IRF binding preceded the re-
cruitment of p300 and CBP (maximal levels reached at 18 h)
and correlated with a robust expression of endogenous
IFN-A and IFN-B genes (Fig. 8B). Interestingly, maximal
recruitment levels of p300 were consistently twofold higher
(and CBP levels were twofold lower) than those observed in
the presence of IRF-3 (Fig. 8A and B). These results indi-
cate that IFN-A gene transcription was dependent on the
transient recruitment of IRF-3/7 that paved the way for p300
and CBP. More importantly, it appears that biphasic recruit-
ment of IRF-3 to the IFN-A gene promoters led to extended
CBP recruitment and inhibition of further IFN-A gene tran-
scription. Taken together, these findings demonstrate that
the differential expression of human IFN-A genes was not
only due to IRF-3 and IRF-7 acting as transcriptional acti-
vators but also to an apparent inhibitory effect of IRF-3 on
IRF-7-mediated transcription of IFN-A genes.

DISCUSSION

The present study demonstrates that the modular organiza-
tion of IRF-binding elements in IFN-A gene promoters dic-
tates the differential expression of human IFN-A genes in-

duced by virus infection. Among the three IRF elements
(designated as B, C, and D modules) that constitute the virus-
responsive element of human IFN-A1 and IFN-A13 gene pro-
moters (48, 58, 71), the B module is recognized by IRF-7 and
IRF-3. The C module is a selective target for IRF-3, while the
D module is recognized by IRF-3 and weakly recognized by
IRF-7. The absence of the C module in all other human IFN-A
genes affects the cooperative binding of IRF-3; furthermore,
the �52G/A substitution in the D module creates a more
selective IRF-7-binding site in all IFN-A gene promoters ex-
cept IFN-A1 and -A13.

These features determine the differential expression of
IFN-A genes, depending on the relative amounts of transcrip-
tionally active IRF-7 and IRF-3. Thus, when IRF-3 is activated,
IFN-A1 (and IFN-A13) constitutes the main target for tran-
scription (Fig. 9). This IRF-3-dependent pattern was observed
in virus-infected 2fTGH cells lacking IRF-7 expression, in vi-
rus-infected HEK-TLR3 cells overexpressing IRF-3, and in
uninfected HEK cells expressing both IKKε and IRF-3. This
pattern is not easily observed, given that IRF-3 activation in-
duces IRF-7 expression directly (60) or indirectly through
ISGF-3 (45, 73), resulting in the expression of an IFN-A gene
subset that is highly responsive to IRF-7, such as IFN-A7,
-A10, -A14, and -A16. This selective activation may be due to
the unique promoter structure of IFN-A1.

More-complex IFN-A gene expression patterns are observed
when IRF-7 is activated (Fig. 9). At low levels of IRF-7, the
expression of a set of IFN-A genes, including IFN-A7, -A10,
-A14, -A16, and -A17, is synergistically activated. When large
amounts of IRF-7 are activated, this factor also induces the
transcription of the IFN-A2 gene promoter, as well as IFN-A1,
-A5, and -A8. Interestingly, at high levels of IRF-7, expression
of IRF-7-responsive IFN-A genes is progressively attenuated,
as opposed to a progressive increase in IFN-A1. This differ-
ential effect could be due to the binding of IRF-7 to three IRF
elements in the IFN-A1 promoter when this factor is present in
large amounts (otherwise, the C module is unresponsive to
IRF-7), compared to IFN-A gene promoters carrying only the
IRF-7-responsive B and D modules. In this case, IFN-A genes
might show a less-pronounced differential expression pattern.
This could occur during TLR-7/8/9 signaling pathways that
stimulate IRF-7 for IFN-A gene transcription (27, 36). Con-
stitutive expression of both IRF-7 and IKKε in lymphoid cells
or mature dendritic cells (10, 15, 32, 46, 65) may also reduce
the differential expression levels of IFN-A genes. IRF-7 and
IKKε expression is virus inducible in fibroblasts, epithelial
cells, or other cell types (45, 74, 80). In these cells, the expres-
sion of IFN-A genes, differential in the early phase of virus
infection, may therefore be leveled during the delayed phases.

A robust expression of all IFN-A subtypes, resulting from
cooperative transcriptional effects of IRF-3 and IRF-7, can be
expected when both of these factors are activated. Surprisingly,
IFN-A subtypes are expressed at different levels following Sen-
dai virus infection of Namalwa B cells that express both factors
constitutively. Cooperativity assays performed with different
IFN-A promoters in the presence of increasing amounts of
IRF-3(5D) relative to those of IRF-7(2D) indicate that when
small amounts of both factors are activated, cooperative tran-
scription mediated by IRF-3 and IRF-7 leads to efficient tran-
scription of IFN-A genes. The synergistic effect of IRF-3 and
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FIG. 8. In vivo recruitment of IRF-3, IRF-7, CBP, and p300 on the endogenous IFN-A genes in HEK293T cells expressing IKKε together with
IRF-3 or IRF-7. In vivo recruitment of IRF-3, IRF-7, CBP, and p300 on the endogenous IFN-A1, -A2, -A14, and -B gene promoters was analyzed
by ChIP assays performed with HEK293T cells transfected with pcDNA3-IKKε in the presence of IRF-3 (A) or IRF-7A (B). Expression levels of
IFN-A/B genes induced in these cells are shown. Cross-linked chromatin extracted from these cells after transfection was immunoprecipitated with
polyclonal IRF-3, IRF-7, CBP, or p300 antibodies. De-cross-linked chromatin was subjected to qPCR using primers specific for each IFN-A gene
promoter. Relative binding of a factor on an IFN-A/B gene promoter was determined as shown in Fig. 3. Data obtained in the presence of
nonimmune immunoglobulin G (IgG) used as negative control are also shown.
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IRF-7 dramatically decreases when IRF-3 levels exceed those
of IRF-7, leading to downregulation of IFN-A genes that are
responsive to IRF-7 (such as IFN-A7 and -A14). In contrast,
cooperative transcription of the IFN-A1 gene by IRF-3 and
IRF-7 is still observed in this case. Thus, IRF-3 acts as a
positive regulator of IFN-A genes by cooperating with IRF-7
but also exerts an inhibitory effect on IRF-7-mediated tran-
scription of a majority of IFN-A genes. The cooperative acti-
vator effect of IRF-3 on the IFN-A1 gene promoter is in
balance with the inhibitory effect of this factor on other IFN-A
genes.

Robust IFN-A/B gene expression is observed when active
IRF-7 levels are higher than those of IRF-3 and correlates with
the transient recruitment of both factors to different endoge-
nous IFN-A promoters and the subsequent recruitment of
p300 and CBP. In contrast, when active IRF-3 levels predom-
inate, IRF-3 recruitment is biphasic and occurs simultaneously
with the recruitment of CBP and p300, leading to a weak
expression of IFN-A1 and -A2 but preventing the transcription
of other IFN-A genes. IRF-3 binding and recruitment to en-
dogenous IFN-A promoters are necessary to observe the re-
pressor effect on IRF-7-mediated transcription, indicating that
this effect is not related to a transcriptional squelching due to
exogenous introduction of high levels of IRF-3. The inhibitory
effect is observed even when small amounts of highly active
forms of IRF-3 and IRF-7 are expressed. Additionally,
squelching is independent of promoter DNA-binding events
and does not affect genes integrated into chromatin (18, 39, 47,
49, 59). Furthermore, IRF-3-mediated repression appears to
be selective and primarily affects the expression of IFN-A
genes that are highly responsive to IRF-7. Our data suggest
that downregulation of IFN-A gene expression is rather due to

progressive site occupancy by IRF-3, competing with IRF-7
bound on the B and D modules of IFN-A genes (other than
IFN-A1 and -A13). In most cells, IRF-7 is weakly expressed
before virus infection, and IRF-7 produced following virus
infection rapidly decreases, due to the short half-life of this
factor (68, 74). IRF-3 might then exert its repressor role to
ensure the transient IFN-A gene expression during virus infec-
tion. This regulatory mechanism might be crucial for differen-
tial IFN-A gene expression and therefore might determine the
amplitude of immune responses dependent on IFN-� subtypes
that differ by their relative potencies (16, 22, 84). By restraining
the expression of various IFN-� subtypes, this control level
might also be an absolute requirement for the organism to
maintain regulated IFN-� production and to prevent immune-
mediated and autoimmune diseases (6, 81).

IFN-A4 and -A21 genes have strict sequence homology, with
IFN-A7, -A10, -A16, and -A17 genes in the B and D modules
(Fig. 4); yet, they are only weakly expressed in Namalwa B cells
following virus infection, with maximal levels peaking 4 h later
than others. They are also weakly expressed in cells transfected
with IKKε and IRF-7. In contrast, when isolated from their
genomic context, IFN-A4 and -A7 gene promoters display high
and similar responses to IRF-7, as expected from the homology
of their IRF elements. These results suggest that the dynamics
of chromosome organization also affect differential IFN-A
gene regulation. It is tempting to speculate that the position of
the IFN-A4 and -A21 genes in the IFN-A gene cluster limits
their accessibility to transcription factories (17, 38). Interest-
ingly, restoration of IRF-7 expression in 2fTGH-F7 cells did
not result in the full range of IFN gene expression. Regulatory
mechanisms mediated by accessibility of transcription factor
binding sites relative to their position in chromatin loops may
also differentially regulate IFN-A gene transcription and ex-
plain the restricted IFN-A expression pattern observed in
2fTGH-F7 cells. Further experiments are in progress to assess
the effect of chromosomal localization on differential IFN-A
gene expression.
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