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Dependence on NF-�B than Type I IFNs�
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Interferons (IFNs) are induced as an initial response to viral infection after recognition of pathogen-
associated molecular patterns (PAMPs) by pattern recognition receptors (PRRs). Here, we report that different
PAMPs induce type I and III IFN expression at different ratios after mucosal administration in the vaginas of
mice and that Toll-like receptor 9 (TLR9) stimulation evokes a particularly strong IFN-� response, which is
essential for optimal antiviral protection. Depletion of CD11c� cells in vivo revealed that dendritic cells (DCs)
in the vaginal epithelium are a key source of type I and III IFNs during herpes simplex virus infection and after
specific stimulation of TLR9. A comparison of the signaling pathways activated by TLR9 and cytoplasmic
PRRs, which induced lower levels of IFN-�, revealed that high-level induction of IFN-� correlated with strong
activation of NF-�B p65. Inhibition of the NF-�B and interferon regulatory factor 3 (IRF-3) pathways with the
NEMO-binding domain peptide and small interfering RNA (siRNA), respectively, revealed that transcription
of the type III IFN genes was more dependent on the NF-�B pathway than that of the type I IFN genes, which
relied more on the IRF system. Thus, the type I and III IFN genes are not induced through entirely identical
pathways, which indicates differential expression of these two types of IFNs under certain conditions.

Viral infections elicit strong innate immune responses, char-
acterized by production of interferons (IFNs) (17), which exert
direct antiviral activity and also activate various cellular activ-
ities in the immune system, including cytotoxicity of natural
killer cells and maturation of dendritic cells (DCs). Viral rec-
ognition by the innate immune system is mediated by pattern
recognition receptors (PRRs), which recognize pathogen-asso-
ciated molecular patterns (PAMPs) and induce IFN expression
(17). Viral nucleotides are potent IFN-inducting PAMPs.

Type I IFNs are well characterized and known to play es-
sential roles for clearance of many viruses in murine models
and in humans (1, 6, 11, 14). The more recently discovered type
III IFNs (also known as interleukin 28A/B [IL-28A/B] and
IL-29) share most of their functions with type I IFNs, most
notably antiviral activity, but seem to be redundant for defense
against many viral infections (1). This suggests that IFN-�s
have a more specialized role in antiviral defense, being essen-
tial only under a subset of conditions. For instance, it has been
reported that type III IFNs play an important role in optimal
defense against influenza virus infections in mice (18). In hu-
mans, decreased expression of IFN-� is associated with rhino-
virus-induced asthma exacerbation (5), and genetic variation in
IL-28B predicts spontaneous and treatment-induced hepatitis
C virus clearance (8, 27).

Since the identification of type III IFNs (13, 24), it has been
debated why higher organisms are in possession of two seem-
ingly very similar systems for combating virus infections. How-

ever, important differences exist between the type I and type
III IFN systems. It is now well established that one important
difference between type I and III IFNs is the patterns of ex-
pression of their receptors, with the type I IFN receptor chains
being abundantly expressed and the IFN-�-specific IL-28RA
chain being expressed in a very narrow subset of cells, partic-
ularly epithelial cells (1, 7, 18). With respect to the mechanisms
that govern expression of the IFNs, the initial reports demon-
strated that type I and III IFNs were induced by a panel of
viruses and double-stranded RNA in identical patterns (13,
24). This was confirmed by subsequent studies where knockout
cells and overexpression approaches were used (19, 20). How-
ever, a recent study showed that the human IFN-�1 gene
promoter is regulated by a distal cluster of NF-�B sites, which
was suggested to act independently of the proximal IFN reg-
ulatory factor 3/7 (IRF-3/7) binding sites, hence implicating
different mechanisms of regulation between the IFN-� and
IFN-�1 genes (28). In this work, we have investigated the
mechanisms governing expression of type I versus type III
IFNs in the vaginal epithelium in mice. We report that DCs
constitute a key source of IFN-� at epithelial surfaces in the
female genital tract and that expression of type III IFN displays
a higher level of dependence on the NF-�B pathway than
expression of type I IFNs. Thus, the expressions of the two
types of IFNs are not regulated by identical mechanisms, which
may allow the infected host to establish innate antiviral activ-
ities more resistant to viral evasion strategies targeting the IRF
pathway.

MATERIALS AND METHODS

Mice. The mice used for this study were 8- to 12-week-old, age-matched,
female, inbred, specific-pathogen-free C57BL/6, 129Sv (Taconic M&B),
IFNAR�/� (B&K Universal), TLR9�/� (Oriental Yeast Co.), IL-28RA�/� (1),
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and CD11c-DTR-tg (The Jackson Laboratory) mice. All animal experiments
described have been reviewed and approved by Danish Government authorities
and hence comply with Danish law.

Cells. Bone marrow-derived DCs (BM-DCs) were obtained as follows. Femurs
and tibia were surgically removed, freed of muscles and tendons, and briefly
suspended in 70% ethanol. Ends were cut, the marrow was flushed with 10%
RPMI 1640, and a cell suspension was filtrated over a 70-�m cell strainer (BD
Falcon) and centrifuged for 5 min at 1,330 rpm. After 2 washes, cells were
resuspended at 2 �105 cells/ml in RPMI 1640 with 10% fetal calf serum (FCS)
and granulocyte-macrophage colony-stimulating factor (GM-CSF) (40 ng/ml)
and seeded in bacteriological petri dishes for incubation at 37°C with 5% CO2.
At day 3, fresh media were added, and at days 5 and 7, all media were replaced
with fresh media. At day 10 of culture, nonadherent cells were harvested and
centrifuged, and viable cells were counted in trypan blue, resuspended in RPMI
1640–10% FCS and GM-CSF (20 ng/ml), and seeded at 1 � 106 cells/ml in cell
culture dishes. Cells were examined by flow cytometry, showing a myeloid DC
phenotype (�95% were CD11c� CD11b�) (data not shown).

Virus. The virus used was the 333 strain of herpes simplex virus type 2
(HSV-2). Virus was grown on a Vero cell monolayer to complete cytopathic
effect and prepared by one cycle of freezing and thawing, followed by centrifu-
gation for 30 min at 5,000 � g for removal of cellular debris.

Reagents. ODN1826, poly(I:C):LyoVec, and poly(dA:dT):LyoVec were all
obtained from InvivoGen, and recombinant IFN-�2 was from R&D Systems.
The NF-�B pathway was inhibited using the NEMO-binding domain (NBD)
peptide (Imgenex), and CD11c� cells were depleted in CD11c-DTR-tg mice by
use of diphtheria toxin (DTX; Sigma-Aldrich).

Depletion of CD11c� cells in vivo. To deplete CD11c� cells, CD11c-DTR-tg
mice were given a single dose of 100 ng DTX intraperitoneally (i.p.) 1 day before
initiation of the experiments. Groups of wild-type (WT) mice were injected with
the same dose of DTX as the control. In agreement with previous reports (12),
this led to more than 85% reduction in the CD11chigh population (data not
shown).

Vaginal viral infection and treatment with PAMPs and IFN-�. For vaginal
HSV-2 infection, mice were pretreated by subcutaneous (s.c.) injection of 2 mg
Depo-Provera (Pfizer). Five days later, mice were anesthetized with Isofluran
(Baxter) and inoculated intravaginally with 20 �l of HSV-2 strain 333 (6.7 � 104

PFU), 5 �g recombinant carrier-free IFN-�, 25 �g ODN1826, 100 �g poly(I:C):
LyoVec, or 100 �g poly(dA:dT):LyoVec suspended in Iscove’s modified me-
dium. The mice were placed on their backs and maintained under anesthetics for
at least 10 min. Vaginal fluids were collected at the indicated time points postin-
fection (p.i.) by pipetting 2 � 40 �l of Iscove’s modified medium into and out of
the vagina 12 to 15 times. The two wash samples were pooled. Genitally infected
mice were examined daily and scored for vaginal inflammation, neurological
illness, and death. The severity of disease was graded using the following scores:
0, healthy; 1, genital erythema; 2, moderate genital inflammation; 3, purulent
genital lesion and/or generally bad condition; and 4, hind limb paralysis (at which
level mice were sacrificed).

Viral plaque assay. Vaginal wash samples from HSV-2-infected mice were
titrated for viral content on Vero cells, which were seeded in minimal essential
medium (MEM) supplemented with 5% FCS at a density of 1.2 � 106 in
5-cm-diameter plates and left overnight to settle. The cells were infected by
incubation for 1 h at 37°C with 100 �l of serial dilutions of the vaginal wash
samples and 400 �l of medium, during which time the tissue culture plates were
rocked every 15 min to ensure even distribution of the virus. Subsequently, 8 ml
of MEM supplemented with 2.5% FCS, and 0.2% human Ig was added to the
plates. The cells were incubated at 37°C for 2 days and stained with 0.03%
methylene blue, and finally, plaques were counted.

siRNA. IRF-3-specific small interfering RNA (siRNA) was purchased from
Dharmacon as a proprietary reagent. siRNA transfections targeting endogenous
IRF-3 and scrambled controls were carried out in 24-well plates, using Lipo-
fectamine 2000 as a transfection agent, by following the recommendations of the
manufacturer (Invitrogen). The transfection medium was replaced at 5 h post-
transfection and replaced with fresh medium. Cells were used for experiments
48 h later.

Measurement of type I and III IFNs. IFN-	/� bioactivity was measured by
using a L929-cell based bioassay. L929 cells (2 � 104 cells/well in 100 �l) in MEM
with 5% FCS were incubated overnight at 37°C in successive 2-fold dilutions of
samples (UV inactivated for 6 min) or murine IFN-	 as a standard. Twenty-four
hours later, vesicular stomatitis virus (VSV/V10) was added to the wells, and the
cells were incubated for 3 days. The dilution mediating 50% protection was
defined as 1 U of IFN-	�/ml. High levels of recombinant IFN-� or IFN-
 did not
interfere with the assay. IFN-� was detected by an enzyme-linked immunosor-
bent assay (ELISA). For detection, MaxiSorp plates (Nunc) were coated over-

night at room temperature with 1 �g/ml rat anti-mouse IL-28 (R&D Systems)
diluted in phosphate-buffered saline (PBS). After being blocked for 1 h at room
temperature with PBS containing 1% (wt/vol) of bovine serum albumin (BSA)
(Sigma-Aldrich), samples and standard dilutions were added to the wells, and the
plates were incubated for 2 h at room temperature. Subsequently, the wells were
incubated for 2 h at room temperature with biotinylated rat anti-mouse IL-28
detection antibody (R&D Systems) at a concentration of 250 ng/ml in PBS with
1% (wt/vol) of BSA. For development, horseradish peroxidase (HRP)-conju-
gated streptavidin, diluted 1:200 in PBS with 1% (wt/vol) of BSA, was added and
incubated for 20 min at room temperature, after which 100 �l of substrate buffer
(R&D Systems) was added to the wells. The color reaction was stopped with 5%
(vol/vol) H2SO4. Between each step, the plates were washed three times with
PBS containing 0.05% (vol/vol) Tween 20. The detection limit of the ELISA was
15 pg/ml.

DNA-binding assays for NF-�B p65 and IRF-3. Cells were stimulated as
indicated in the text. At the appropriate times, the cells were harvested, washed,
and lysed in a buffer containing 10 mM HEPES, 400 mM KCl, 10% glycerol, 2
mM EDTA, 1 mM EGTA, 0.01% Triton X-100, 0.5 mM dithiothreitol, 1 mM
NaVO4, and protease inhibitors (Complete; Roche). Cleared cell lysates were
incubated with streptavidin-agarose beads (Neutravidin; Pierce) coupled to 5�-
biotinylated, 6-bp-5�-extended oligonucleotides (DNA Technology). The oligo-
nucleotides used were IFN-� PRDI-III (IRF-3) (5�-GGA TCC GAA AAC TGA
AAG GGA GAA GTG AAA GTG-3� and 5�-GGA TCC CAC TTT CAC TTC
TCC CTT CTT TCA GTT TTC-3�) and IFN-� PRDII (NF-�B) (5�-GG ATC
CGG AAT TTC CCG GAA TTT CCC-3� and 5�-GGA TCC GGG AAA TTC
CGG GAA ATT CC-3�). The binding reactions were performed for 2 h at 4°C
in binding buffer containing 10 mM HEPES, 133 mM KCl, 10% glycerol, 2 mM
EDTA, 1 mM EGTA, 0.01% Triton X-100, 0.5 mM dithiothreitol, 1 mM NaVO4,
and protease inhibitors. After being washed, the oligonucleotide-bound proteins
were released in SDS sample buffer, separated by 10% SDS-polyacrylamide gel
electrophoresis, and transferred onto membranes (Bio-Rad). Membranes were
blocked with 5% skim milk in Tris-buffered saline (TBS) containing 0.05%
Tween 20. Rabbit anti-IRF-3 antibody or goat anti-p65 antibody (both from
Santa Cruz Biotechnology), diluted 1:2,000 in TBS containing 0.05% Tween 20,
were allowed to bind overnight at 4°C. Peroxidase-conjugated goat anti-rabbit
immunoglobulin G (IgG) (1:2,000 dilution) or anti-goat IgG (both from Dako)
was allowed to bind for 1 h at room temperature. The signal was detected using
the FijiFilm LAS 3000 imaging system and quantified using ImageJ.

Statistical analysis. The data are presented as means � standard deviations
(SD). Statistical significance was estimated with the Wilcoxon rank sum test (P
values of 0.05 were considered to be statistically significant).

RESULTS

Vaginal infection with HSV and treatment with nucleotide
PAMPs induce expression of type I and III IFN. We have
previously shown that HSV-2 infection in the female genital
tract induces expression of IFNs (1). As shown in Fig. 1A, both
IFN-	/� and IFN-� were detectable on day 2 p.i., and IFN-�
showed a more prolonged kinetics with high levels also on day
3 p.i. HSV infection induces expression of IFNs via recognition
by Toll-like receptor 9 (TLR9), RIG-like receptors (RLRs),
and cytosolic DNA receptors (DNAR) (4, 21, 22, 25), so we
were interested in knowing how the different PRRs triggered
by HSV infection modulated IFN expression in the vagina.
Mice were treated with the TLR9 agonist ODN1826, the RLR
agonist poly(I:C) (in complex with the transfection agent
LyoVec), and the DNAR agonist poly(dA:dT) (in complex
with LyoVec). As shown in Fig. 1B to D, all PAMPs induced
expression of type I and III IFNs. However, we noted that the
TLR9 agonist ODN1826 induced more IFN-� than the two
PAMPs targeting cytoplasmic PRRs but that all stimuli led to
comparable peak levels of type I IFN.

Depletion of CD11c� cells reduces expression of type I and
III IFNs in the vagina. We have previously shown that DC
populations are the most potent producers of type I and III
IFNs after HSV-2 infection in vitro (1). In order to identify the
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cellular sources of IFN-� in the vaginal epithelium in vivo, we
took advantage of the transgenic CD11c-DTR-tg mouse strain.
CD11c� cells were depleted in vivo, and the mice were either
infected with HSV-2 or treated with ODN1826 in the vagina.
Deletion of DCs led to a significant reduction in the levels of

both type I and type III IFNs in the vaginal wash samples
collected from mice receiving either treatment (Fig. 2A to D).
Moreover, the ability of ODN1826 to stimulate antiviral pro-
tection against vaginal HSV-2 infection was dependent on the
presence of CD11c� cells, whereas IFN-� treatment still gave

FIG. 1. Vaginal infection with HSV and treatment with nucleotide PAMPs induce expression of type I and III IFN. C57BL/6 mice were infected
intravaginally with 6.7 � 104 PFU of HSV-2 (A) or treated with 25 �g of ODN1826, 100 �g of poly(I:C):LyoVec, or 100 �g of poly(dA:dT):LyoVec
(B to D). At the indicated time points posttreatment, vaginal wash samples were collected and levels of IFN-	/� bioactivity (top row) and total
IFN-� levels (bottom row) were measured. The data are shown as means � SD (n � 4 to 7). T, time point.

FIG. 2. Depletion of CD11c� cells reduces expression of type I and III IFNs in the vagina. C57BL/6 and CD11c-DTR-tg mice were treated with
100 ng diphtheria toxin 1 day prior to experiments. The mice were infected intravaginally with 6.7 � 104 PFU of HSV-2 (A, B), treated with 25
�g of ODN1826 (C to E), or treated with PBS or 5 �g of IFN-�2 (E). Vagina wash samples were collected at 2 days (A, B) and 12 h (C, D)
posttreatment for measurement of IFN-	/� (A, C) and IFN-� (B, D). (E) The mice were infected intravaginally with 6.7 � 104 PFU of HSV-2
6 h after PBS/ODN1826/IFN-� treatment. Twenty-four hours after infection, vaginal wash samples were collected, and viral load was measured
by a plaque assay. All data are shown as means � SD (n � 5 [A to D] and n � 7 to 10 [E]).
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full protection in mice depleted for DCs (Fig. 2E). Thus, DCs
in the vaginal mucosa represent a major source of IFN-�,
which exerts its antiviral activity through other cell types, most
likely epithelial cells.

Important role for type III IFN in antiviral protection stim-
ulated through TLR9 but not cytosolic nucleotide sensors. We
and others have previously reported that TLR9 agonists po-
tently stimulate antiviral protection against genital HSV-2 in-
fections (2, 10). We therefore examined whether cytoplasmic
delivery of poly(I:C) or poly(dA:dT) also protected mice from
subsequent HSV-2 infection. As seen in Fig. 3, vaginal admin-
istration of poly(I:C) or poly(dA:dT) in complex with LyoVec
partly protected the mice from HSV-2 infection as well as
development of disease, whereas ODN1826 led to total pro-
tection. For all three PAMPs, the ability to evoke antiviral
protection was highly dependent on the type I IFN system.
However, only in the case of ODN1826 was the antiviral re-
sponse also dependent on a functional IFN-� system, which
correlated with the higher level of induction of IFN-� by the
TLR9 agonist than by the PAMPs stimulating cytoplasmic
PRRs. Thus, activation of optimal antiviral protection by
TLR9 agonists in the female genital tract relies on the type III
IFN system.

Strong induction of IFN-� correlates with high-level activa-
tion of the NF-�B pathway. Given the above-mentioned find-
ings that the TLR9 pathway induced more IFN-� than the

RLR pathway and that IFN-� contributed to TLR-mediated
antiviral defense in vivo, we were interested in comparing the
intracellular signaling pathways activated by TLR9 versus
those activated by RLR agonists in DCs. We looked at the
activation of NF-�B (p65) and IRF-3 DNA binding in extracts
from cells stimulated with ODN1826 and poly(I:C):LyoVec.
The transcription factor bound to DNA in the in vitro assay was
detected by Western blotting (Fig. 4A and B) and quantified
using ImageJ. Stimulation of the DCs with ODN1826 led to a
very strong induction of NF-�B p65 DNA-binding activity (Fig.
4C) and a more modest activation of IRF-3 (Fig. 4D). This was
in contrast to what we observed in cells transfected with poly(I:
C), where IRF-3 activation was stronger than NF-�B p65 ac-
tivation (Fig. 4E and F). On the basis of these data, we con-
clude that strong induction of IFN-� correlates with high-level
activation of the NF-�B pathway.

Inhibition of the NF-�B pathway abrogates expression of
type III but not type I IFN in vitro and in vivo. The differential
induction of type III IFN by TLR and RLR agonists correlated
with activation of NF-�B. We therefore hypothesized that type
III IFNs are regulated more by NF-�B than type I IFNs. To
test this in primary DCs and in vivo, we took advantage of the
cell-permeable inhibitory NBD peptide, which interferes with
the interaction between NEMO and I�B kinases (IKKs) (15)
and hence blocks the NF-�B pathway. Treatment of DCs with
NBD peptide reduced TLR9-mediated NF-�B activation by

FIG. 3. Important role for type III IFN in antiviral protection stimulated through TLR9 but not cytosolic nucleotide sensors. IL-28RA�/�,
IFNAR�/�, and the respective WT littermates were treated with 25 �g of ODN1826 (A, B), 100 �g of poly(I:C):LyoVec (C, D), or 100 �g of
poly(dA:dT):LyoVec (E, F) 6 h before intravaginal infection with HSV-2 (6.7 � 104 PFU). (A, C, E) Vaginal wash samples were collected on day
1 p.i., and viral load was determined by a plaque assay. The virus titers are shown as mean values � SD. (B, D, F) The mice were followed for
20 days and scored clinically. Data are shown as mean disease scores (n � 8 [A, B], n � 5 to 8 [C, D], and n � 6 to 8 [E, F]).
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over 60% without affecting IRF-3 activation (Fig. 5A). Impor-
tantly, while type I IFN induction by ODN1826 was inhibited
between 30 and 40% by the NBD peptide, the type III IFN
response was reduced over 90% by this treatment (Fig. 5B and
C). Treatment of whole mice with the NBD peptide followed

by vaginal treatment with ODN1826 and collection of vaginal
wash samples for measurement of IFNs gave very similar re-
sults, i.e., modest reduction in the type I IFN response and
strong inhibition of the type III IFN response.

To corroborate these findings, we also performed siRNA-

FIG. 4. Strong induction of IFN-� correlates with high-level activation of the NF-�B pathway. (A, B) Cell lysates from DCs treated for 5 h with
1 �M ODN1826 were precipitated with bead-coupled consensus sequences for NF-�B and IRF-3 binding sites. The presences of NF-�B p65 and
IRF-3 were detected by Western blotting. UT, untreated control. (C to F) Lysates from DCs treated for 5 h with ODN1826 or poly(I:C):LyoVec
in the indicated doses were analyzed as in panels A and B. The data were quantified and are presented as mean numbers of relative units (RU) �
SD for triplicates.

FIG. 5. Inhibition of the NF-�B pathway abrogates expression of type III but not type I IFN in vitro and in vivo. (A to C) BM-DCs were treated
with 100 �M NBD peptide 12 h before stimulation with 1 �M ODN1826. Cell lysates and culture supernatants harvested at 5 h and 18 h
poststimulation, respectively, were analyzed for DNA-binding activity (NF-�B and IRF-3) (A) and IFN-	/� and -� levels (B, C). (E, F) Mice were
treated with 1.25 mg/kg of body weight of NBD peptide through i.p. injection 16 h prior to stimulation in the vagina with 25 �g ODN1826. Vaginal
wash samples were collected at 12 h poststimulation for measurement of IFN-	/� and -�. The IFN data are presented as means � SD of
measurements from triplicate cultures (B, C) using 5 mice per group (D, E).
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mediated knockdown of IRF-3 and looked for induction of the
type I and III IFNs. The siRNA was able to reduce the IRF-3
mRNA levels by about 60% (Fig. 6A). Under these conditions,
the ability of ODN1826 to induce expression of type I IFNs was
reduced between 65 and 75%, whereas the type III IFN re-
sponse was reduced about 40% (Fig. 6B and C). Finally, we
found that both types of IFNs were dependent on some degree
of signaling from both the NF-�B and IRF pathways, since no
IFN induction in response to poly(I:C) was observed in murine
embryonic fibroblasts (MEFs) lacking either NEMO or IKKε/
TBK-1 (data not shown). Collectively, these data demonstrate
that the genes encoding type I and III IFNs are regulated by
NF-�B and IRF-3, but the type III IFN genes seem to be more
dependent on the NF-�B pathway than the type I IFN genes,
which rely more on the IRF system.

DISCUSSION

IFN-� is a class of cytokines with potent antiviral activity in
vitro and in vivo and has recently been described as having
essential functions in host defense against important human
pathogenic viruses (18, 27). While most cell types respond to
type I IFNs, it seems that only a restricted subset of cell types,
and in particular epithelial cells, express IFN-� receptors and
respond to the cytokine (1, 7, 18). Therefore, induction of
IFN-� expression at epithelial surfaces is important for acti-
vating the initial antiviral barrier at this major portal of viral
entry. It has been reported that viruses and PRRs induce

expression of type I and type III IFNs through identical mech-
anisms (19, 20). However, a study of hepatic expression of
IFNs and IFN-stimulated genes during chronic hepatitis C
virus infection has demonstrated that liver biopsy specimens
from patients contain elevated levels of type III IFN but not
type I IFN mRNA compared to specimens from healthy con-
trols (16). Such findings suggest that the two classes of IFNs
are not always concomitantly expressed and support the idea
that differences exist between the mechanisms regulating the
expression of type I and type III IFNs.

Here, we report that administration of a TLR9 agonist in the
female genital tract induces more IFN-� than treatment with
nucleotide PAMPs targeting cytoplasmic PRRs and that the
IFN-� system was essential for TLR9-induced antiviral activity.
DCs represent the main source of type III IFN during vaginal
infection with HSV-2 or treatment with a TLR9 agonist, and
the ability of DCs to induce IFN-� expression was largely
dependent on a functional NF-�B pathway. This was in con-
trast to type I IFN expression, which was primarily driven by
the IFN pathway. Thus, although NF-�B and IRFs both con-
tribute to induction of both type I and type III IFNs, there
seem to be differential relative requirements for the two path-
ways in induction of IFN-	/� versus induction of IFN-�.

One important finding of this work is that depletion of DCs
from mice strongly reduces the expression of type III IFNs in
the vagina after HSV-2 infection or treatment with ODN1826.
Together with previous reports (1), this suggests that recogni-
tion of viruses in the vaginal tissue by DCs triggers IFN-�

FIG. 6. siRNA-mediated knockdown of IRF-3 strongly impairs type I IFN expression. BM-DCs were transfected with control and IRF-3
siRNA. Forty-eight hours after transfection, RNA was harvested for analysis of IRF-3 mRNA levels by quantitative reverse transcription-PCR
(qRT-PCR) (A) or cells were stimulated with 1 �M ODN1826 (B, C). Culture supernatants were harvested at 18 h poststimulation, and levels of
IFN-	/� (B) and IFN-� (C) were measured. The data are presented as means � SD of measurements from 4 cultures. RU, relative units.
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expression, which exerts antiviral activity on the epithelial cells.
This is very similar to a previous report on type I IFN expres-
sion in the female genital tract after stimulation through
TLR9, in which plasmacytoid DCs were identified as the main
source of type I IFN (23). Thus, although we did not distin-
guish between different subclasses of DCs in our work, these
studies together suggest that type I and III IFNs are produced
by the same cell types in response to infection in the vagina.

The type I IFN promoters have been extensively studied and
are well understood. The IFN-� promoter is regulated through
concerted action of IRFs, NF-�B, and ATF2/cJUN (26),
whereas the IFN-	 gene promoters are controlled almost ex-
clusively by IRF-3 and -7 (9). Our finding that type I IFN
expression displayed a major dependency on IRF-3 and a mi-
nor dependency on NF-�B is in agreement with this idea. The
type III IFN promoters share some similarity with the IFN-�
promoter by containing binding sites for both IRF-3 and NF-
�B, and two reports have used knockout cells and ectopic
expression of IRF-3 to show that the type I and III IFN systems
are induced through common pathways (19, 20). Recently,
Thomson and associates identified NF-�B sites in the distal
region of the IFN-�1 promoter, which they demonstrated to
play a key role in activating gene transcription in response to
lipopolysaccharide (LPS) (28). The authors proposed a model
in which NF-�B and IRFs activate IFN-�1 gene expression
independently, which is in contrast to the current model for
IFN-� induction with concerted action of IRFs, NF-�B, and
ATF2/cJUN (26). Our present findings support the idea that
NF-�B plays a key role in induction of IFN-� expression and
extents the previous work by suggesting that the NF-�B path-
way may play the dominant role in driving the IFN-� response
on epithelial surfaces and in DCs.

One implication of our findings is that there could be infec-
tious conditions where expression of type III IFN dominates
that of type I IFN. Many viruses specifically inhibit the IRF
signaling pathway and hence impair type I IFN expression (3).
Our present finding suggests that under such conditions, the
expression of IFN-� will be less affected and hence allow the
host to retain IFN expression and antiviral activity despite viral
attempts to evade the innate antiviral response.

In summary, expressions of type I and type III IFNs are
regulated through the same signaling pathways, but in contrast
to the type I IFNs, which are induced mainly by IRFs, the
NF-�B pathway plays a more dominant role in induction of
IFN-� in the vaginal mucosa, a phenomenon that may also
apply to other epithelial surfaces.
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