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Type I interferon (IFN) is synthesized by most nucle-
ated cells following viral infection. Robust IFN produc-
tion in cell culture requires positive feedback expres-
sion of inducible signaling components, such as the
transcription factor IRF7. However, the role of positive
feedback and IRF7 in vivo may be more complex. We
found that IFN produced locally in the respiratory tract
of influenza virus-infected mice displayed characteris-
tics of positive feedback, including Stat1-dependent in-
duction of IRF7 and IFN gene expression. IRF7 expres-
sion was similarly stimulus-dependent in most tissues.
However, lymphoid tissue constitutively expressed high
levels of IRF7 in the absence of induction or positive
feedback, and this expression was largely confined to
plasmacytoid dendritic cells (DC). These cells rapidly
produced large quantities of multiple IFN� species fol-
lowing viral infection without positive feedback,
whereas other hematopoietic cells, including other DC
subtypes, expressed little IRF7 and were poor IFN pro-
ducers in the absence of positive feedback. These data
reveal a dual mechanism for the regulation of IFN pro-
duction by differential expression of IRF7, involving
positive feedback at local sites of infection combined
with robust systemic production by IRF7-expressing
plasmacytoid DC.

Type I IFN (IFN�/�)1 is produced by virally infected cells.
These cytokines play important roles in the response to both
local and systemic infections by signaling through the type I
IFN receptor complex (IFNAR1 and IFNAR2). Type I IFN
induces numerous genes known generally as IFN-stimulated
genes (ISG) that encode proteins involved in innate and adapt-
ive antiviral immune responses (reviewed in Ref. 1). The type I
IFN receptor is associated with the Janus protein tyrosine

kinases JAK1 and TYK2 that target the STAT transcription
factorsSTAT1andSTAT2forphosphorylation.Phosphorylation-
dependent dimerization of STAT1 and STAT2 and interaction
with the DNA-binding protein IRF9 lead to assembly of the
transactivation complex ISGF3 responsible for induction of
immediate-early target genes. Among the immediate-early
class of IFN-stimulated genes is the transcription factor IRF7.
IRF7 along with the related protein IRF3 controls the produc-
tionoftypeIIFNinmostinfectedcellsfollowingphosphorylation-
dependent activation (reviewed in Ref. 2).

Current models for IFN� induction following viral infection
invoke activation of cellular protein serine kinases by viral
signals, leading to a kinase cascade culminating in phospho-
rylation of IRF3 (3). Activated IRF3 is sufficient to induce
expression of one subtype of IFN� (IFN�4 in mice, IFNA1 in
human) and collaborates with activated AP1 and NF�B tran-
scription factors to induce IFN�. However, transcription of
additional IFN� subtype genes requires IRF7, which must first
be synthesized in response to this early limited IFN production,
thus establishing a positive feedback loop (4, 5). The kinase
complex implicated in both IRF3 and IRF7 phosphorylation
consists of the enzymes TBK1 and I�B kinase � (6, 7) and is
activated by cellular intermediaries that detect viral infection,
such as the RNA helicases RIG-I and MDA-5 (8, 9). Like IRF7,
I�B kinase �, RIG-I, and MDA-5 are also IFN-inducible pro-
teins, as are the ISGF3 components STAT1 and IRF9. Al-
though ISGF3 is not directly involved in IFN gene transcrip-
tion, it is required for the induction of all these IFN-responsive
components of the positive feedback amplification loop (10, 11).
Therefore, mice lacking STAT1 cannot mount positive feedback
and are limited to production of the immediate-early IFN sub-
types �4 and � when challenged with a respiratory infection
(4). Impaired IFN production in concert with impaired IFN
responsiveness contributes to the exquisite sensitivity of
STAT1-deficient mice to viral infection (10–13).

The importance of feedback and the role of IRF7 were inves-
tigated by Kalinke and colleagues (14), who studied IFN� pro-
duction by splenocytes following infection with vesicular sto-
matitis virus or UV-irradiated Herpes simplex virus. They
observed that at early time points (�6 h post-infection), mar-
ginal zone splenocytes produced similar quantities of IFN irre-
spective of whether the mice expressed IFN receptors or not.
Coupled with an inability to detect significant levels of IRF7
mRNA in uninfected splenocytes, they concluded that early
IFN production in vivo did not require IFN feedback amplifi-
cation and questioned the role of IRF7 in this process (14).

However, understanding induction of IFN in vivo and the
requirement for positive feedback may be complicated by cell
type-specific differences. For instance, a blood cell has been
identified, known as the interferon-producing cell (15), which is
a consummate producer of IFN and appears to be a particular
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subtype of dendritic cell (DC), known as the plasmacytoid DC
(pDC) (16, 17). This cell type appears to have distinct mecha-
nisms for producing IFN (18, 19), at least in response to induc-
ers that signal through Toll-like receptors (TLRs). Adding com-
plexity to the issue, the exact cell type that makes type I IFN
may depend on the nature of the infectious agent. Biron and
colleagues (20) showed that both murine cytomegalovirus and
lymphocytic choriomeningitis virus infections resulted in IFN
production, but IFN induced by the former originated from
splenic pDC, whereas IFN in response to the lymphocytic cho-
riomeningitis virus came from a non-splenic non-pDC source.
Moreover, further work suggested that the infected cell and the
IFN-producing cell may not necessarily be the same (21). In-
terestingly, non-replicating inducers (such as soluble toxo-
plasma antigen) provoked cytokine production from distinct
subsets of DC when compared with infections with live repli-
cating microbes (21). In an attempt to resolve these divergent
results, we have previously hypothesized that the route of
infection may influence the responsive cell type (22). Systemic
infections (e.g. intravenous) may lead to efficient activation of
splenic pDC, whereas peripheral infections (e.g. respiratory)
may only target localized responsive cell types.

To further investigate this hypothesis, we have used in vivo
and in vitro infection models and investigated the role of IRF7
induction and positive feedback in IFN production in response
to negative-strand RNA viruses. We found that IFN production
correlated with IRF7 production in infected lungs, which was
drastically impaired in STAT1-deficient mice, consistent with a
requirement for positive feedback. However, although most
mouse tissues examined displayed induction-dependent pro-
duction of IRF7, pDC in the spleen or differentiated in vitro
expressed high levels of constitutive IRF7 protein and re-
sponded rapidly to virus infection by robust production of mul-
tiple IFN� species. Thus, our results pinpoint differential reg-
ulation of IRF7 expression as the underlying mechanism of
positive IFN feedback regulation in peripheral tissues and as
an important element of cell type-specific differences in IFN
production.

MATERIALS AND METHODS

Mice—Mice deficient for STAT1 (stat1�/�) or for Rag1 (rag1�/�)
and wild type controls on the same inbred background (BALB/c and
C57BL6/J) were bred under specific pathogen-free conditions, in accord-
ance with approved protocols at New York University School of Medi-
cine. All mice were 8–12 weeks of age. In some experiments, IFN was
induced in vivo by intraperitoneal injection of 100 �g of poly(I-C) per
mouse 1 day before collecting organs for protein extraction. Individual
whole organ protein extracts were obtained by crushing tissue between
frosted glass slides and lysing the resulting released cells in immuno-
precipitation lysis buffer (1% Triton X-100, 300 mM NaCl, 50 mM

HEPES pH 7.6, 1 mM Na3VO4, 1 mM dithiothreitol, 1 mM phenylmeth-
ylsulfonyl fluoride, and 5 �g/ml aprotinin and leupeptin).

Enrichment of Splenic Subsets Using Magnetic Beads—Isolated
spleens were disrupted by digestion with Liberase CI (1 ml/spleen of
1.67 Wunsch units/ml; Roche Applied Science) and DNase I (0.2 mg/ml;
Roche Applied Science) for 30 min at 37 °C. Single cell suspensions were
passed through a cell strainer (70 �m), and red blood cells were lysed
using red blood cell lysis buffer (155 mM ammonium chloride, 0.1 mM

EDTA, 12 mM sodium bicarbonate). Cell subtype enrichment involved
anti-CD11c- and anti-CD11b-coupled magnetic beads and positive se-
lection column MS�, according to the manufacturer’s instructions
(MACS, Miltenyi Biotec). Positive MACS bead selections typically
yielded cells that were greater than 90% pure after one round of selec-
tion, as judged by flow cytometry.

Flow Cytometric Analyses—Cell surface staining was carried out in
phosphate-buffered saline containing 0.5 mM EDTA unless otherwise
stated. Cells were incubated with the following fluorochrome-conju-
gated monoclonal antibodies: CD11b-fluorescein isothiocyanate,
CD11c-phycoerythrin, and IgM-fluorescein isothiocyanate (BD Bio-
sciences). Cells were washed and fixed in 1% paraformaldehyde before
analysis.

Hematology—Splenic cell preparations or in vitro differentiated bone
marrow (BM) were prepared by Cytospin centrifugation and stained
with Wright-Giemsa stain.

Cell Isolation and Culture—BM cells were flushed from femurs and
tibiae with RPMI 1640 medium with 25 mM Hepes. Red blood cells were
lysed, and nucleated cells were plated in the appropriate medium.
FLT3L-differentiated cells were plated at 106/ml (day 0) and expanded
in RPMI 1640 containing 1% syngeneic normal mouse serum, sodium
pyruvate (1 mM), HEPES (25 mM), �-mercaptoethanol (2 mM), and
antibiotics (penicillin-streptomycin; Cellgro), and were grown for 8 days
in 24-well plates in the presence of 25 ng/ml FLT3L (Peprotech) and 10
ng/ml stem cell factor (Peprotech) with 80% of the medium replenished
on day 5. GM-CSF-differentiated DC cultures were generated essen-
tially as described by Inaba et al. (23). In brief, BM cells were plated at
700,000 cells/ml (day 0) in RPMI 1640 containing 10% fetal calf serum,
HEPES (25 mM), sodium pyruvate (1 mM), and antibiotics (penicillin-
streptomycin; Cellgro) and supplemented with 40 ng/ml GM-CSF (Pep-
rotech). On day 2, 70% of the medium was replenished. On day 3,
non-adherent cells were removed, retaining the loosely adherent DC
progenitor cells. The resulting differentiated and expanded cells were
collected on day 5. Other cytokines used in some cultures were inter-
leukin-3 (10 ng/ml; Peptrotech) and IFN�/� (500 units/ml; Access
Biomedical).

Virus Infections—Mice were infected with influenza A virus (WSN
strain) by inhalation, as described previously (12). In brief, 105 plaque-
forming units in 50 �l of phosphate-buffered saline were instilled in-
tranasally into each anesthetized wild type or STAT1 mutant mouse,
and lungs of infected mice were harvested 1–3 d later. RNA was isolated
from disrupted lungs by the TRIzol method, according to the manufac-
turer’s instructions (Invitrogen).

In vitro differentiated BM-derived cells (1 � 106) were cultured in 50
�l of RPMI 1640 containing 25 mM Hepes and 0.1% bovine serum
albumin, either in the presence or in the absence of 50 �l (128 hema-
glutination units/ml) of Newcastle disease virus (NDV). After 1 h at
37 °C, cells were plated in medium supplemented with 10% fetal calf
serum for 4–12 h, as indicated, and cells were lysed in immunoprecipi-
tation lysis buffer. For RNA analysis, 2 � 106 BM-derived cells were
used for each infection, and medium, virus, and reagents were scaled up
appropriately.

Antibodies—Immunoblotting was performed using the following
polyclonal antibodies: anti-IRF7, anti-IRF3, anti-IRF4, and anti-IRF8
(Zymed Laboratories Inc.) and monoclonal �-tubulin (Sigma).

Quantitative Real-time RT-PCR Analysis—RNA was extracted from
at least 2 � 106 BM-derived cells using the RNeasy Minikit (Qiagen).
Reverse transcription was performed using 3 �g of total RNA, and the
resulting cDNA was used for real-time PCR analysis, using gene-spe-
cific primer pairs in the presence of Sybr® Green dye (Molecular Probes,
Eugene, OR). Each target transcript was quantified by comparison with
a standard curve generated by serial dilution of an abundant sample
following normalization to the amount of glyceraldehyde-3-phosphate
dehydrogenase or ribosomal protein L32 mRNA. Sequences of real-time
PCR primers are available upon request.

Gene Transduction—STAT1-deficient fibroblasts were reconstituted
with IRF7 by recombinant retroviral infection, which was performed
using Phoenix cells, following the Nolan laboratory protocol. In brief,
Phoenix cells, which are 293T cells stably expressing ecotropic packag-
ing proteins, were transfected with retroviral constructs (green fluores-
cent protein or empty vector retroviruses as controls) in the presence of
25 �M chloroquine using a standard calcium phosphate protocol. 48 h
later, supernatants were collected, spun, and used directly for infection
of 3T3 cells preplated a day earlier at 1 � 105/6 wells in the presence of
40 �g/ml polybrene.

RESULTS

Effective IFN Expression in Lungs following Infection Re-
quires Intact IFN Signaling—An essential role for type I IFN in
resolving respiratory infections and coordinating an appropri-
ate T cell response has been documented previously (12, 13).
Importantly, those studies revealed a role for IFN locally at the
site of infection to orchestrate the inflammatory response as
well as systemically to limit the spread of virus to peripheral
tissues. In contrast to wild type animals, IFN-unresponsive
mice (STAT1- or IFNAR-deficient) failed to contain influenza
virus within the respiratory tract or establish an effective Th1-
biased immune response. We investigated whether impaired
IFN production at the site of infection due to the absence of
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positive feedback contributed to the phenotype of STAT1-defi-
cient mice.

Induction of IFN was compared in wild type and STAT1
mutant mice following intranasal influenza viral infection in
vivo. Although IFN was readily detected in infected lungs from
wild type mice, IFN production was markedly impaired in
STAT1-null lungs when compared with the wild type lungs
(Fig. 1A, black squares). Additionally, the mutant lungs failed
to induce the accumulation of IRF7 message to levels equiva-
lent to wild type controls (Fig. 1A, open triangles). Thus, the
inability to support positive feedback in vivo via induction of
IRF7 within the respiratory epithelium likely contributed to
the failure of STAT1 mutant mice to mount an effective IFN
response in response to respiratory infection.

IRF7 Protein Is Inducible in Most Tissues but Constitutively
Expressed in Spleen—IRF7 was initially identified as an IFN-
inducible transcription factor in hematopoietic cells (24). Given
its induction in response to virus infection in lung, we exam-
ined its expression in multiple organs. To mimic systemic viral
infection, mice were intraperitoneally injected with poly(I-C), a
well characterized type I IFN inducer (25), and 1 day after
poly(I-C) injection, selected organs were examined for IRF pro-
tein expression. Abundance of IRF7 protein increased in re-
sponse to poly(I-C) injection in most tissues (Fig. 1B).

Interestingly, IRF7 protein was expressed at relatively high
levels in thymus and spleen, even in the absence of poly(I-C)
treatment. In contrast, IRF3 was expressed in all tissues ex-
amined, and its expression was not affected by IFN induction
(Fig. 1B, lower panel). Similar results were obtained after
infection of mice with negative-strand RNA viruses (data not
shown). Thus, like lung, most peripheral tissues required in-
duction to accumulate significant levels of IRF7 protein expres-
sion and would likely exhibit positive feedback-dependent pro-
duction of IFN following viral infection. However, constitutive
IRF7 accumulation in lymphoid organs indicated the possibil-
ity of a distinct type of response to infection in these tissues.

IFN Feedback Does Not Account for IRF7 Protein Levels in
the Spleen—A possible explanation for elevated constitutive
levels of IRF7 in spleen and thymus could be the low levels of
type I IFN observed in lymphoid organs even in the absence of
viral infection (26–28). To examine this possibility, IRF7 pro-

tein expression was quantified in multiple organs, including
spleens and thymi of stat1�/� mice that are incapable of re-
sponding to IFN. Stat1�/� mice expressed levels of IRF7 in
spleen and thymus comparable with wild type mice, whereas in
other tissues, such as lung, heart, kidney, and skeletal muscle,
IRF7 accumulation strictly required STAT1-dependent induc-
tion (Fig. 1C and data not shown). Therefore, IFN feedback
does not appear to be required for abundant constitutive IRF7
protein expression in lymphoid organs.

Mature T Cells and B Cells Are Not Required for Splenic
IRF7 Expression—The mouse spleen is composed largely of B
and T cells, together constituting �90% of splenic cellularity.
To determine whether B and T cells were the origin of the
abundant resting IRF7 levels observed in spleen, mice deficient
for Rag1 protein and therefore lacking mature B and T cells
were examined (Fig. 1D). Rag1�/� mouse spleen expressed
equivalent levels of IRF7 protein when compared with wild
type spleen, indicating that mature B and T cells were not the
exclusive source for splenic IRF7 expression.

IRF7 protein expression was also directly measured in lym-
phocytes. T and B cells from wild type spleens were purified by
magnetic bead selection using anti-CD3 and anti-CD19 anti-
bodies, respectively. Little IRF7 protein was detected in lym-
phocytes not treated with IFN (data not shown), suggesting
that splenic IRF7 expression was localized to a non-T non-B
splenocyte population.

Kinetics of IFN Production and IRF7 Induction in Fibro-
blasts and Splenocytes—We examined how constitutive expres-
sion of IRF7 in lymphoid tissue impacted the kinetics of IFN
production following virus infection. Comparing fibroblasts (in-
ducible IRF7) with splenocytes (constitutive IRF7), we meas-
ured the rate of IFN induction and the role of positive feedback
in response to infection. As shown in Fig. 2A, IRF7 mRNA was
expressed at least 3 orders of magnitude higher in uninfected
splenocytes (triangles) when compared with uninfected fibro-
blasts (squares). The presence or absence of STAT1 did not
significantly affect constitutive IRF7 expression in spleen (com-
pare open and closed symbols), confirming the lack of a role for
constitutive IFN in maintaining high basal IRF7 expression in
spleen. IRF7 levels were further induced following viral infec-
tion, but to a significant extent only in wild type cells, suggest-
ing that positive feedback can further augment IRF7 produc-
tion in response to autocrine IFN. As shown previously, IRF7
was also highly inducible in wild type fibroblasts, reaching
levels equivalent to induced splenocytes but only at late times
post-infection (p.i.). However, IRF7 induction in STAT1-defi-
cient cells was significantly impaired.

Expression of high levels of constitutive IRF7 protein in wild
type splenocytes correlated with accelerated and enhanced in-
duction of type I IFN following virus infection (Fig. 2, B and C).

FIG. 1. Positive feedback-dependent induction of IRF7 and
IFN� in vivo. A, IRF7 and IFN� (all subtypes) levels were measured in
lungs of wild type (WT) and stat1�/� mice (BALB/c), intranasally
infected with influenza virus, by quantitative real-time RT-PCR. The
data represent mean � S.E. of three experiments. B, profile of IRF7 and
IRF3 protein expression in tissues 1 day after intraperitoneal injection
of poly(I-C) in wild type mice (C57BL6/J). Liv., liver; Thy., thymus; Spl.,
spleen; Tes., testes; MW, molecular masses. C, IRF7 protein expression
levels in spleen and thymus of wild type and stat1�/� mice (C57BL6/J).
ko, knock-out. D, comparison of IRF7 protein expression in bone mar-
row and spleen from wild type and rag1�/� mice (BALB/c). The data
are representative of three (B and C) and two experiments (D), respec-
tively. n.s., nonspecific.

FIG. 2. High constitutive expression of IRF7 in splenocytes
correlates with accelerated and enhanced induction of IFN�. A,
IRF7 mRNA levels expressed at indicated times p.i. with NDV in
spleens and fibroblasts from wild type or stat1�/� mice (C57BL6/J), as
measured by quantitative real-time RT-PCR. B, IFN� mRNA levels (all
subtypes) corresponding to the samples analyzed in A. WT, wild type. C,
IFN� (non-�4 subtype) mRNA levels from NDV-infected wild type and
stat1�/� spleens. Expression levels were normalized to internal con-
trols (ribosomal protein L32 mRNA). The data are representative of
four experiments.
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IFN levels produced by infected splenocytes at 4 h p.i. were
comparable with those induced in infected wild type fibroblasts
at 8–12 h p.i., subsequent to IRF7 induction. At 4 h p.i., IFN
production by STAT1 mutant splenocytes was equivalent to
that produced by wild type cells, which was consistent with
their equivalent IRF7 levels. Greater IFN production was ob-
served in wild type splenocytes at later time points, reflecting
the induction of IRF7 (Fig. 2A), presumably in response to
autocrine IFN. Little IFN was produced by STAT1-deficient
fibroblasts, the IRF7 levels of which started out and remained
low throughout the course of the infection.

Expression of IFN� subtypes other than IFN�4 is completely
dependent on the presence of IRF7 and therefore on IFN sen-
sitivity, at least in fibroblasts (4). A similar correlation with the
presence of IRF7 was observed in splenocytes (Fig. 2C). The
non-�4 IFN subset was induced in both wild type and STAT1-
deficient splenocytes that expressed IRF7. Equal levels of IFN
induction were observed at 4 h, although wild type cells ex-
pressed higher levels at later time points, subsequent to fur-
ther induction of IRF7. Thus, expression of IFN� was depend-
ent on IRF7 in both fibroblasts and splenocytes; however, the
higher initial set point of IRF7 abundance in splenocytes al-
lowed robust IFN production prior to feedback induction of
IRF7 following autocrine IFN stimulation.

A DC Subset Is the Source of Abundant IRF7 in Spleno-
cytes—To identify the cell type that accounted for high levels of
IRF7 expression in spleen, individual non-B and non-T splenic
cell populations were isolated and assayed for IRF7 expression.
Splenic CD11c� DC expressed relatively high levels of IRF7
protein, as well as moderately elevated levels of IRF8 (Fig. 3A,

left panel). In contrast, other IRF proteins, such as IRF3, were
expressed equally by both CD11c� and CD11c� cell
populations.

To further characterize the IRF7-expressing splenocyte pop-
ulation, subset enrichment was carried out by sequential pos-
itive selection. CD11b� cells were first selected to isolate
CD11b�CD11c� DC along with CD11b� splenic macrophages.
Subsequently, CD11c� cells were selected from the CD11b�

population, to isolate the CD11b�CD11c� DC subset. The re-
maining double negative cells after CD11c isolation were also
examined. FACS staining confirmed the effectiveness of the
selections through the expression of CD11b and CD11c mark-
ers on the appropriate cell populations (data not shown). As
shown in Fig. 3A (right panel), CD11b�CD11c� DC expressed
greater levels of IRF7 protein when compared with CD11b� or
double negative cell populations. Again, IRF8 was also en-
riched in CD11b�CD11c� cells, whereas other IRF proteins
were expressed at similar levels in all subsets. Thus, IRF7 is
expressed at highest levels in CD11b�CD11c� cells, suggesting
that it is highly expressed in a DC subset.

FLT3L-differentiated Bone Marrow Generates IRF7-express-
ing DC—Dendritic cells can be broadly divided into distinct
subtypes, including myeloid DC (mDC) and plasmacytoid DC
(pDC). Similar cells can be differentiated and expanded in vitro
from BM progenitors. Conventional mDC expand in the pres-
ence of GM-CSF, whereas pDC progenitors respond to FLT3L
(29). We used this system to examine IRF protein levels in
BM-derived DC. FLT3L-derived pDC expressed high levels of
IRF7, as well as IRF3 (Fig. 3B, upper panels). In contrast,
GM-CSF-derived mDC expressed IRF3 but markedly less
IRF7. Naive BM progenitors expressed undetectable levels of
either IRF protein (Fig. 3B, upper panels, first lane).

In vitro differentiation of DC in response to FLT3L yielded
heterogeneous populations, with typically 30–40% being
CD11b�CD11cint. Wright-Giemsa staining of cytospin prepara-
tions confirmed that the major cell population displayed plas-
macytoid morphology (Fig. 3C) and were B220� (data not
shown). In contrast, GM-CSF treatment resulted in the generation
of a DC population that was 75–90% CD11b�CD11c�B220� and
resembled DC with a myeloid morphology (Fig. 3C). The addition of
interleukin-3 to differentiating bone marrow cultures, either alone
or in the presence of FLT3L or GM-CSF, skewed cell differentiation
away from DC and yielded cultures dominated by granulocyte/
macrophage lineages that did not express IRF7 and expressed little
IRF3 (Fig. 3, B and C, and data not shown). IFN has been sug-
gested to bias DC differentiation toward pDC morphology (30), but
we observed no such effect when IFN� was added alone or in the
presence of FLT3L (Fig. 3B and data not shown). However, we
found that inclusion of stem cell factor increased the yield of FLT3-
derived pDC, probably by enhancing progenitor proliferation dur-
ing the first few days of culture (data not shown).

Similarly, high levels of IRF7 were detected in splenic pDC
populations isolated by FACS from spleens of uninfected mice
(Fig. 3D). These CD11cintLy6hiB220� cells expressed much
higher levels of IRF7 than the moderate levels of IRF7 ex-
pressed in a mixed DC population isolated by sorting spleno-
cytes only on the basis of CD11c or the minimal levels of IRF7
expressed by in vitro differentiated mDC. Taken together,
these results indicate that the major if not exclusive cells
expressing constitutive IRF7 are pDC.

Bone Marrow-derived pDC Produce IFN� in Response to
Viral Infection—In vitro differentiated pDC and mDC popula-
tions were infected with NDV and assayed for levels of IRF7
protein and IFN� mRNA. FLT3L-differentiated pDC popula-
tions expressed IRF7 protein prior to infection, and the level of
IRF7 increased modestly following infection (Fig. 3B, lower

FIG. 3. IRF7 protein is highly expressed in a CD11b�CD11c�

DC subset. A, splenocytes from wild type C57BL6/J mice were posi-
tively selected with MACS beads coupled to an anti-CD11c antibody,
and the corresponding levels of IRF7, IRF3, IRF8, and IRF4 proteins
were assayed (left). Similarly, splenocytes were positively selected se-
quentially with MACS beads coupled to anti-CD11b followed by anti-
CD11c antibodies, and the corresponding levels of IRF7, IRF3, IRF8
and IRF4 proteins were assayed (right). Tub, tubulin. B, upper panels,
naive BM from wild type C57BL6/J mice was cultured in vitro with
combinations of FLT3L (25 ng/ml), interleukin-3 ((IL3) 10 ng/ml), IFN
(500 units/ml), and GM-CSF (40 ng/ml), as indicated, to expand differ-
ent DC subsets, and IRF7 and IRF3 protein levels were assessed. B,
lower panels, IRF7 and IRF3 protein levels were measured in NDV-
infected BM-derived DC generated using GM-CSF and FLT3L, as indi-
cated. Protein extracts from equal numbers of cells (A, 1 � 106; B, 5 �
105) were loaded per lane. Mock, mock-infected. C, representative mor-
phologies of cells expanded in vitro from BM in response to GM-CSF
(panel a), FLT3L (panel b), or interleukin-3 (panel c) were determined
by Giemsa staining of cytospin preparations. D, pDC sorted from spleen
by FACS were examined for IRF expression by immunoblotting and
compared with whole spleen and BM-derived mDC. Extract from 1 �
106 cells was loaded per lane. n.s., nonspecific.
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panels). IRF7 protein was nearly undetectable in naive mDC,
but it was inducible, although to relatively lower levels, follow-
ing viral infection. Consistent with the higher constitutive lev-
els of IRF7, infected pDC produced �10-fold more IFN� (all
subtypes) than did mDC. These cells expressed �8-fold more of
the IRF7-dependent non-�4 subtypes of IFN� than did mDC,
and expression peaked more rapidly, at 4 h p.i. (Fig. 4A and
data not shown). These amounts may underestimate the po-
tential of pDC to produce IFN� since these in vitro derived
cultures were only �30–40% pDC by flow cytometric and his-
tologic criteria (data not shown). These results demonstrate
that IRF7 is highly expressed in IFN-producing pDC in a
largely IFN-independent manner, enabling rapid and robust
IFN production in response to infection. Early IFN production
included production of IRF7-dependent non-�4 subtypes, nor-
mally expressed only with delayed kinetics in other cell types.

Differential Expression of TLR Proteins by Mouse DC Sub-
sets—The ability of DC to respond to pathogens is determined
at least in part by TLR proteins, although the role of these
receptors in viral infections is controversial (31). We examined
the levels of TLR mRNA expression in pDC and mDC. Inter-
estingly, TLR2, TLR3, TLR4, and TLR8 were expressed at
significantly higher levels in mDC than in pDC. Only TLR9
was expressed at a higher level in pDC populations (Fig. 4B),
consistent with other reports (reviewed in Refs. 32–34). Since
TLR9 is a DNA receptor, these results suggest that the en-
hanced IFN production by pDC cannot be explained by the
presence of TLR proteins traditionally associated with ligands
that could be derived from RNA viruses. Instead, IFN produc-
tion by pDC more closely correlates with IRF7 abundance (Fig.
3). IRF8 was also modestly enriched in pDC (Fig. 3 and data
not shown) and may contribute to the IFN-producing ability of
these cells. However, IRF8 is required for DC differentiation
(35, 36) and likely contributes to DC lineage commitment
rather than directly to function.

Ectopic Expression of IRF7 Augments the Kinetics, Magni-
tude, and Diversity of IFN� Production—We designed an ex-
periment to test whether IRF7 constitutive expression was a
major determinant for the robust IFN production observed in
pDC. Fibroblasts lack IRF7 expression prior to IFN exposure
and therefore produce IFN in a delayed-early manner following
viral infection, especially the non-�4 subset (4). We ectopically
expressed IRF7 (or green fluorescent protein, as control) in
mouse fibroblasts and measured IFN production following in-
fection with NDV. As shown in Fig. 4C, IRF7-expressing fibro-
blasts responded to infection by making 100-fold more IFN�
than control cells and produced it more rapidly, with signifi-
cant levels detectable at 4 h p.i. The IFN produced included
multiple subtypes and was not limited to the IFN�4 subtype

produced in the absence of positive feedback. Thus, although
additional components of the IFN signaling pathway are also
induced during positive feedback, IRF7 expression alone is
sufficient to drive the rapid production of large quantities of
multiple isoforms of type I IFN following virus infection.

DISCUSSION

IFN production is a rapid and near universal response to
viral infection. Previous in vitro studies documented a positive
feedback model for robust IFN production, involving aug-
mented responses due to induction of signaling components in
response to limited early IFN production. Most cells are capa-
ble of mounting a modest response to viral infection by produc-
ing limited quantities of IFN� and IFN�4. This response uti-
lizes preexisting cellular components, but augmented
production of an expanded repertoire of IFN� species requires
feedback-dependent induction of additional components (4).
The major induced component implicated in positive feedback
is IRF7, although the contribution of other inducible compo-
nents remains a possibility. Although this model has been
widely documented in cell culture, its relevance in vivo has
remained unclear. The results reported here clearly demon-
strate a role for positive feedback in vivo during respiratory
viral infections. Intranasal infection of mice with influenza
virus resulted in robust IFN production only in mice capable of
responding to IFN and mounting a positive feedback response
(Fig. 1A). In these mice, production of IFN correlated with
induced expression of IRF7.

In addition to a positive feedback response in infected lung,
we found evidence of positive feedback in numerous tissues, at
least at the level of IRF7 induction. Thus, in most tissues
examined, IRF7 protein was constitutively expressed at rela-
tively low to undetectable levels in the absence of infection.
Only by following IFN production in vivo were significant
amounts of IRF7 observed in such tissues as heart and liver.
These results suggest that positive feedback is likely to play a
significant role in IFN production, at least at local sites of
infection.

A distinct pattern of IRF7 and IFN production was observed
in hematopoietic organs. Spleen and thymus produced high
constitutive amounts of IRF7, correlating with a rapid and
robust production of IFN following viral infection. In contrast,
fibroblasts were capable of producing levels of IFN similar to
those produced by splenocytes only at late times after infection,
after autocrine IFN had induced significant amounts of IRF7
protein. Subset analysis of splenocytes and in vitro differenti-
ation of hematopoietic progenitors demonstrated that the vast
majority of constitutive IRF7 was produced by pDC, the cell
type associated with systemic IFN production. In contrast,

FIG. 4. IFN� expression by DC correlates with IRF7 levels. A, BM-derived DC cultured with GM-CSF (mDC) or FLT3L (pDC) were infected
with NDV for 4 h, and mRNA levels of IFN� (all subtypes) (left) and IFN� (non-�4 subtypes) (right) were measured by quantitative real-time
RT-PCR. B, relative expression levels of TLR species in BM-derived DC were measured by quantitative real-time RT-PCR. Data are shown as the
ratio of expression in pDC relative to expression in mDC. Values above the abscissa represent greater expression in pDC, and values below the
abscissa represent greater expression in mDC. C, 3T3 fibroblasts were either mock-infected or infected with retroviruses expressing green
fluorescent protein (GFP), no product, or IRF7, as indicated. Two days later, cells were infected with NDV, and relative expression levels of IRF7
and IFN� (all subtypes and non-�4 subtype) were measured 4 h p.i. by quantitative real-time RT-PCR and normalized to ribosomal protein L32
mRNA. The data are representative of three experiments.
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other dendritic cell types, such as mDC, expressed relatively
little IRF7 and were dependent on positive feedback for robust
IFN production. Given the low but inducible expression of IRF7
in other tissues in vivo, we would predict them to produce IFN
similarly to fibroblasts, subject to positive feedback. Remark-
ably, fibroblasts engineered to express high constitutive
amounts of IRF7 acquired the ability to produce IFN in a
manner that was at least superficially similar to pDC. These
cells produced substantial levels of multiple IFN� species as
early as 4 h p.i., a time point when control fibroblasts produced
limited levels of a narrow spectrum of IFN species.

Kalinke and colleagues (14) have reached a different conclu-
sion, questioning the significance of IRF7 and positive feedback
for IFN production in vivo. They observed robust IFN produc-
tion in infected IFNAR-deficient mice that cannot respond to
IFN and concluded that positive feedback was not significant in
vivo. However, their model examined IFN production following
intravenous inoculation of virus, a route that likely directs the
virus rapidly to the spleen. As we show here, the spleen is one
organ that would not be expected to display a major component
of positive feedback for IFN production, given the presence of
resident pDC constitutively expressing IRF7. Indeed, they also
observed that pDC-like cells were largely responsible for the
IFN produced in response to intravenous viral inoculation, and
they also observed a modest increase in IFN production over
time that was limited to wild type mice, consistent with posi-
tive feedback.

As we show here, other routes of infection that do not result
in systemic viremia result in a different outcome that is IRF7-
dependent. Moreover, host responses to viruses that do not
stimulate IFN production from pDC, such as lymphocytic cho-
riomeningitis virus, are completely dependent on positive feed-
back (20). In contrast to our results, Kalinke and colleagues
(14) did not detect a correlation between IRF7 mRNA levels
and IFN production and concluded that IRF7 was not impor-
tant for IFN produced by splenocytes. Such a conclusion is
inconsistent with the data presented here but may have re-
sulted from detecting IRF7 by the relatively insensitive in situ
hybridization method rather than with the specific antibodies
and quantitative real-time RT-PCR assays used here. It is
highly likely that the fundamental mechanism of IFN tran-
scription is the same in pDC as in other cells (i.e. IRF-depend-
ent), the difference being that IRF7 is constitutively present.
Constitutive expression of IRF7 protein in pDC also allows
these cells to induce IFN in response to TLR7 and -9 engage-
ment, a process that has recently been shown to signal directly
through IRF7 (18, 19).

Recently, similar observations of constitutive IRF7 expres-
sion have been reported for human blood pDC (37–39). Al-
though these reports did not examine IRF7 protein levels or a
correlation with IFN kinetics and could not perform the sys-
tematic investigation of IRF7 expression in lymphoid organ
subsets that we carried out in the mouse, they suggest that the
patterns of IRF7 and IFN production we observed may be a
general property of this subset of dendritic cells. From our
results, there appear to be two modes of IFN production in vivo
that differ in both temporal and quantitative aspects. One
mode involves positive feedback induction of IRF7 that likely
occurs in most peripheral organs, resulting in a relatively de-
layed response. A second mode relies on preformed IRF7 that is
independent of positive feedback, but this is restricted to
lymphoid organs due to the corresponding prevalence of resi-
dent pDC and results in a strong and immediate response.

A dual mode of IFN production as described here may pro-
vide distinct survival advantages for the host. A requirement
for positive feedback for robust IFN production at local sites of

infection may limit potentially destructive inflammatory re-
sponses that would occur in response to high levels of IFN
production. Should initial IFN production be sufficient to clear
infections, only modest levels of IFN would be produced since
induction of IRF7 would be without effect in the absence of
continued viral infection required to stimulate its phosphoryl-
ation. In contrast, systemic viremia would require a rapid and
effective response that might best be accomplished by a spe-
cialized cell, such as the interferon-producing cell. Constitutive
IRF7 expression in pDC could facilitate an immediate acceler-
ated response to systemic viral infections, providing a survival
advantage in the context of potentially overwhelming viremia.

IRF7 expression in pDC is quite remarkable, considering
that the protein is readily detectable in whole spleen but is
largely restricted to a subset of DC that together comprises a
small fraction of the total splenic cellularity. IRF7 accumula-
tion in spleen is largely equivalent in wild type and STAT1-
deficient organs and therefore independent of IFN signaling.
High constitutive splenic IRF7 was detected at both the mRNA
and the protein level. Moreover, protein half-life measure-
ments did not reveal any evidence that differential stability
contributed to this accumulation.2 These findings suggest that
IRF7 is regulated at the transcriptional level, implying a dis-
tinct transcriptional mechanism in pDC relative to other cell
types, including the closely related mDC. Interestingly, a sim-
ilar conclusion has recently been reached for the transcription
factor CIITA that is required for major histocompatibility com-
plex class II expression. CIITA expression was found to depend
on a distinct promoter in pDC relative to conventional DC and
most other cell types (40). It will be of interest to determine
whether IRF7 is similarly regulated through a pDC-specific
transcriptional mechanism that enables high constitutive ex-
pression in this cell type.
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