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IFN Regulatory Factor 3-Dependent Induction of Type I IFNs

by Intracellular Bacteria Is Mediated by a TLR- and

Nod2-Independent Mechanism1

Silvia Stockinger,2* Benjamin Reutterer,2* Barbara Schaljo,* Carola Schellack,†

Sylvia Brunner,† Tilo Materna,* Masahiro Yamamoto,§ Shizuo Akira,§ Tadatsugu Taniguchi,¶

Peter J. Murray,� Mathias Müller,‡ and Thomas Decker3*

Like viruses, intracellular bacteria stimulate their host cells to produce type I IFNs (IFN-� and IFN-�). In our study, we inves-

tigated the signals and molecules relevant for the synthesis of and response to IFN by mouse macrophages infected with Listeria

monocytogenes. We report that IFN-� is the critical immediate-early IFN made during infection, because the synthesis of all other

type I IFN, expression of a subset of infection-induced genes, and the biological response to type I IFN was lost upon IFN-�

deficiency. The induction of IFN-� mRNA and the IFN-�-dependent sensitization of macrophages to bacteria-induced death, in

turn, was absolutely dependent upon the presence of the transcription factor IFN regulatory factor 3 (IRF3). IFN-� synthesis and

signal transduction occurred in macrophages deficient for TLR or their adaptors MyD88, TRIF, or TRAM. Expression of Nod2,

a candidate receptor for intracellular bacteria, increased during infection, but the protein was not required for Listeria-induced

signal transduction to the Ifn-� gene. Based on our data, we propose that IRF3 is a convergence point for signals derived from

structurally unrelated intracellular pathogens, and that L. monocytogenes stimulates a novel TLR- and Nod2-independent path-

way to target IRF3 and the type I IFN genes. The Journal of Immunology, 2004, 173: 7416–7425.

A
large number of pathogenic microbes enter cells of the

host organism to evade extracellular effector mecha-

nisms of the immune system and to use the host cell

machinery for their own propagation. To ensure clearance of such

microbes, intracellular effector mechanisms must be set in action.

A prominent pair of intracellular pathogen and antimicrobial ef-

fector mechanism are viruses and the antiviral state caused by type

I IFNs (IFN-��). In virus-infected cells, IFN regulatory factor 3

(IRF3)4 is rapidly activated, and is a transcription factor critically

involved in the formation of an enhanceosome on the promoter of

the Ifn-� gene (1, 2). The synthesis of IFN-� stimulates signaling

through the type I IFNR and causes the formation of the transcrip-

tion factor IFN-stimulated gene factor-3, a trimeric complex with

Stat1, Stat2, and IRF9 subunits. IFN-stimulated gene factor-3 ini-

tiates transcription of the irf7 gene. IRF7 subsequently stimulates

transcription of many IFN-� subtypes, thus a second and delayed

wave of type I IFN synthesis (3). Much effort has been devoted

recently to the identification of sensor proteins of viral infection. It

has become clear that viral sensor proteins exist in the host cell

cytoplasm (4, 5). However, viruses and virus-associated molecular

patterns can also stimulate signaling from the plasma membrane or

from within endocytic compartments. Four members of the TLR

family, TLR3, -7, -8, and -9, have been shown to signal in response

to different viral molecules, and these signals target the IFN-�

gene (6–11).

In this study, we examine macrophages infected with Listeria

monocytogenes to address the question whether activation of the

IRF3 pathway and subsequent waves of type I IFN production are

general responses to intracellular pathogens and whether all intra-

cellular pathogens achieve this goal at least in part via TLRs. We

also examine a possible involvement of nucleotide-binding oli-

gomerization domain 2 (Nod2), a cytoplasmic protein shown to

bind bacterial peptidoglycan and capable of initiating signal trans-

duction through its caspase recruitment domain (CARD) (12, 13).

The Gram-positive bacterium L. monocytogenes is endowed with

a cluster of virulence genes that allow intracellular survival and

multiplication as well as spreading between cells (14, 15). Follow-

ing internalization or phagocytic uptake, L. monocytogenes es-

capes from internal vacuolar compartments to the cytoplasm. Cy-

toplasmic escape requires the lytic activity of listeriolysin O

(LLO), the major virulence factor encoded in the L. monocyto-

genes virulence gene cluster. IFN-�-activated macrophages effi-

ciently kill ingested Listeria, whereas resting macrophages provide

a suitable cytoplasmic environment for bacterial multiplication

(16). Infection with L. monocytogenes ultimately kills resting-state
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macrophage hosts through signals and intracellular effector mech-

anisms that are largely unknown (17, 18).

In the early phase of infection, L. monocytogenes induces mac-

rophages to synthesize IFN-� and to initiate Jak-Stat signaling

through the type I IFNR. Genetic disruption of the type I IFNR

subunits, or of Stat1, results in an increased resistance of macro-

phages to Listeria-induced death, implicating type I IFN in bacte-

ria-mediated killing of their cellular host (18). Strikingly, LLO-

mutant bacteria, which are nonpathogenic and do not kill

macrophages, do not stimulate IFN-� synthesis (18, 19). This find-

ing can either be explained with a role of LLO in signal transduc-

tion, as has recently been shown for the production of IL-12 and

IFN-�, the stimulation of Ca2� signaling, lipid mediator release, or

an apoptotic response (20–24), or it may reflect the role of LLO in

phagosome escape, which would allow recognition by cytoplasmic

receptors (18, 19).

Like probably all bacterial pathogens, L. monocytogenes stim-

ulates signal transduction from members of the TLR family (25–

28). Whether these receptors contribute to the onset of Ifn-� tran-

scription, or whether the gene is targeted by signals from

intracellular receptors like Nod2 is not known.

The results we present clearly show that like viruses L. mono-

cytogenes stimulate type I IFN production, with the expression of

IFN-� subtypes essentially depending on early IFN-� production.

All type I IFN synthesis requires signals through the IRF3 pathway.

However, we find no evidence that these events require TLRs or the

adaptors that connect them to the IRF3 pathway. Additionally, our

data rule out a role for Nod2 in converting the presence of intra-

cellular L. monocytogenes into signals targeting the Ifn-� gene.

Materials and Methods
Cytokines and reagents

Recombinant murine IFN-� was purchased from Calbiochem (La Jolla,
CA) and used at a concentration of 500 U/ml, if not indicated otherwise.
LPS from Salmonella minnesota was obtained from Alexis (Vienna, Aus-
tria) and used at a concentration of 1 �g/ml. Poly(I:C) was purchased from
Sigma-Aldrich (Vienna, Austria) and used at a concentration of 50 �g/ml.

Antibodies

Polyclonal rabbit antiserum to Ser727-phosphorylated Stat1 has recently
been described (29). Rabbit antiserum to Y701-phosphorylated Stat1 was
purchased from New England Biolabs (Beverly, MA) and used at a dilution
of 1/1000. A mAb recognizing the Stat1 N terminus was purchased from
BD Transduction Laboratories (Lexington, KY). Phosphospecific Abs
against p38 MAPK and rabbit antiserum to p38 MAPK were bought from
New England Biolabs and used at dilutions of 1/1000. mAbs recognizing
ERKs (panERK) were purchased from BD Transduction Laboratories and
used at a dilution of 1/2000 in Western blots.

Mice

Mice deficient for IFN-� (30), IRF3 (2), Stat1 (31), TLR4 (32), TLR9 (33),
MyD88 (34), Toll/IL-1R (TIR) domain-containing adaptor inducing IFN-�
(TRIF) (35), TRIF-related adaptor molecule (TRAM) (36), or Nod2 (37)
were housed under specific pathogen-free conditions. With the exceptions
mentioned below, all mutant mice were in a C57BL/6 genetic background
(at least eight backcrosses). TRIF- and TRAM-deficient mice were used
after two backcrosses to C57BL/6 with genetically matched wild-type (wt)
controls. Nod2-deficient mice were in a C57BL/6 � BALB/c mixed back-
ground and used in experiments with appropriate wt littermates.

Cells

Bone marrow-derived macrophages were obtained by culture of bone mar-
row in L cell-derived CSF-1 as described (38). Raw 264.7 cells were cul-
tured in DMEM supplemented with 10% FCS.

Bacteria

L. monocytogenes wt (39), or the isogenic, nonhemolytic mutant, which
lacks the hly (LLO) gene, were cultured in brain heart infusion broth.

Western blot

A protocol for this procedure has been described recently (29). Abs were
used as indicated above or in the figures.

RNA preparation, cDNA synthesis, and quantitative or

conventional RT-PCR

Total RNA was extracted from macrophages using the NucleoSpin RNA II
kit (Macherey-Nagel, Düren, Germany). The cDNAs used in the real-time
PCR assays were reverse transcribed from 5 �g of total RNA using the
Oligo(dT)12–18 Primer and the RevertAid M-MuLV Reverse Transcriptase

FIGURE 1. Signal transduction and IFN-�n synthesis in IFN-�-defi-

cient macrophages exposed to L. monocytogenes. A, Bone marrow-derived

macrophages were infected with L. monocytogenes at MOI of 10 for the

indicated periods. Thereafter, Stat1 tyrosine phosphorylation, serine phos-

phorylation, and p38MAPK activation were detected in Western blots with

phosphospecific Abs. Differences in Stat1 expression levels between wt

macrophages and macrophages deficient for IFN-� were analyzed by rep-

robing the blot with a mAb to the Stat1 N terminus. As a normalization

control, the blot was finally probed with Abs to the Erk1 and Erk2 kinases

(panErk) and to p38MAPK. B, IFN-�n mRNA expression was detected by

RT-PCR using primers annealing to sequences found in the genes of sev-

eral IFN-� subtypes (see Materials and Methods).

7417The Journal of Immunology
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(MBI Fermentas, St. Leon-Rot, Germany) for first-strand cDNA synthesis
according to the manufacturer’s recommendations. Real-time PCR exper-
iments were run on the iCycler IQ (Bio-Rad, Hercules, CA) to amplify the
GAPDH housekeeping gene, chosen as an endogenous control for nor-
malization of the cDNA load and the desired gene as described (40), using
SybrGreen (Molecular Probes, Eugene, OR). Real-time PCR assays target-

ing GAPDH, IFN-�, NOD1, NOD2, inducible NO synthase (iNOS), IRF7,
or guanylate-binding protein (GBP) were performed with the following for-
ward (f) and reverse (r) primers: GAPDH-f, 5�-TGCACCACCAACTGCT
TAGC-3�; GAPDH-r, 5�-GGCATGGACTGTGGTCATGAG-3�; IFN-�-f,
5�-TCAGAATGAGTGGTGGTTGC-3�; IFN-�-r, 5�-GACCTTTCAAATG
CAGTAGATTCA-3�; NOD1-f, 5�-TCTCAGTCTTGCATTCAATGGC-3�;

FIGURE 2. Signal transduction and IFN-� synthesis in IRF3-deficient macrophages exposed to L. monocytogenes. A, Bone marrow-derived macro-

phages were infected with L. monocytogenes at MOI of 10 for the indicated periods. Thereafter, Stat1 tyrosine phosphorylation, serine phosphorylation,

and p38MAPK activation were detected in Western blots with phosphospecific Abs. Differences in Stat1 expression levels between wt macrophages and

macrophages deficient for IRF3 were analyzed by reprobing the blot with a mAb to the Stat1 N terminus. As a normalization control, the blot was finally

probed with Abs to the Erk1 and Erk2 kinases (panErk) and to p38MAPK. B, wt bone marrow-derived macrophages or macrophages deficient for IRF3 were

exposed to wt L. monocytogenes at MOI of 10. After the indicated periods, total mRNA was extracted, reverse-transcribed, and analyzed by real-time PCR

for IFN-� expression. Values were normalized to those obtained with the GAPDH housekeeping gene. To calculate inducibility, the values obtained from

uninfected macrophages were used as a calibrator. C, IFN-�n mRNA expression was detected by RT-PCR using primers annealing to sequences found in

the genes of several IFN-� subtypes (see Materials and Methods). D, Upper panel, A comparison of type I IFN activity secreted by wt or IRF3-deficient

macrophages, left untreated or after infection with L. monocytogenes for 4 h, was made by transferring the indicated dilutions of cell supernatants to

untreated macrophages for 30 min and analyzing their ability to cause phosphorylation of Stat1. The amount of Stat1 phosphorylated at Y701 was visualized

by Western blotting as described above. Lower panel, The Stat1 tyrosine phosphorylation dependence on IFN-� concentration was determined by Western

blotting after treatment of macrophages with the indicated IFN-� doses for 30 min. In the last three lanes, the Stat1 tyrosine phosphorylation signals

produced by untreated macrophages (�), by macrophages infected for 4 h with L. monocytogenes (L.m.4h), or by macrophages treated for 30 min with

a supernatant derived from cells after 4 h of infection with L. monocytogenes (SN L.m.), are shown for comparison.

7418 TLR-INDEPENDENT IRF3 ACTIVATION BY L. monocytogenes
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NOD1-r, 5�-TGTCAGTGTGGTGTTCTGCTT-3�; NOD2-f, 5�-TGCCTTC
CTTCTACAGCACG-3�; NOD2-r, 5�-TGACACTCAGCAGCCTCGTA-3�;
iNOS-f, 5�-GCTTGCCCCAACAGGAGAAG-3�; iNOS-r, 5�-GCTGCCCG
GAAGGTTTGTAC-3�; IRF7-f, 5�-CTGGAGCCATGGGTATGCA-3�;
IRF7-r, 5�-AAGCACAAGCCGAGACTGCT-3�; GBP2-f, 5�-TGCTAAA
CTTCGGGAACAGG-3�; GBP2-r, 5�-GAGCTTGGCAGAGAGGTTTG-3�.

For quantitative analyses of gene expression, normalized to an endog-
enous control, we used the standard curve method, which was detailed
previously (41). Where possible, primers were designed to flank introns to
rule out contamination with genomic DNA. In the case of type I IFN genes
that do not contain introns, the presence of genomic DNA was routinely
tested in samples not subjected to reverse transcription.

Expression analysis of IFN-� subtypes (IFN-�n) by conventional RT-
PCR was conducted with a primer set annealing simultaneously to several
subtype sequences (42): IFN-�n-f, 5�-TCTGATGCAGCAGGTGGG-3�;
IFN-�n-r, 5�-AGGGCTCTCCAGAYTTCTGCTCTG-3�.

Infection of cells, assays to measure cell death

Macrophages were infected with L. monocytogenes (derived from over-
night culture) at different multiplicities of infection and incubated for 1 h
at 37°C in a humidified 5% CO2 atmosphere. Extracellular bacteria were
subsequently killed with gentamicin-containing medium (final concentra-
tion, 50 �g/ml). After another 60 min, the medium was changed to medium
containing 10 �g/ml gentamicin. Where indicated, IFN-� was added.
Then, the assay was incubated for 24–48 h. For crystal violet staining, the
medium was removed, and the cells were washed with PBS. Fifty micro-
liters of 1% crystal violet in 20% methanol were added and incubated for
20 min. Finally, the cells were washed several times with PBS or water to
get rid of excess crystal violet.

Results
IFN-� dependence of IFN-� subtype production in L.

monocytogenes-infected macrophages

Our first aim was to determine whether L. monocytogenes causes

the production of IFN-� subtypes (IFN-�n) and whether IFN-�n

production was both subsequent to and dependent on the synthesis

of IFN-�. Infected macrophages from IFN-�-deficient mice failed to

produce type I IFN activity, as evident from the lack of Stat1 tyrosine

phosphorylation (Fig. 1A). In L. monocytogenes-infected macro-

phages, Stat1 tyrosine phosphorylation is a readout specifically for

type I IFNR signaling, because IFN-�, which also activates Stat1, is

not produced (data not shown). The complete lack of Stat1 tyrosine

phosphorylation indicated either that IFN-� was the only type I IFN

produced upon infection, or that the synthesis of other type I IFNs

required IFN-� activity. Fig. 1B shows that the latter assumption is

correct. Despite similar kinetics of induction for IFN-�n and

IFN-�, infected macrophages produced IFN-� subtypes in com-

plete dependence on the presence of both IFN-� and Stat1.

IFN-�-deficient macrophages expressed less Stat1 than their wt

counterparts (Fig. 1A). Moreover, the amount of Stat1 phosphor-

ylated at serine-727 upon infection with L. monocytogenes, a pre-

requisite for maximal transcriptional activity (43), was strongly

reduced in IFN-�-deficient macrophages (Fig. 1A). During infec-

tion of macrophages, Stat1 serine phosphorylation is caused by

signals from the type I IFNR as well as by L. monocytogenes-

dependent activation of the p38MAPK pathway (44, 45). Therefore,

the decrease in serine-727-phosphorylated Stat1 most likely re-

sulted from reduced expression as well as the absence of type I

IFN signaling, whereas the p38MAPK pathway, unaffected by

IFN-� deficiency (Fig. 1A), caused the residual phosphorylation

seen in the absence of IFN-�.

Type I IFN synthesis in response to L. monocytogenes infection

requires IRF3

As in the case of IFN-� deficiency, infected macrophages from

IRF3-deficient mice were unable to stimulate Stat1 tyrosine phos-

phorylation (Fig. 2A). This resulted from an almost complete absence

of both IFN-� and IFN-�n mRNA expression (Fig. 2, B and C).

Consistent with mRNA expression, the appearance of bioactive IFN

in the supernatants of infected cells was suppressed below the level of

detection in IRF3-deficient cells. This was measured by the ability of

FIGURE 3. L. monocytogenes-induced death in IFN-�- or IRF3-deficient macrophages. Bone marrow-derived macrophages in microtiter wells were

infected with wt or LLO-mutant L. monocytogenes at the indicated MOI. After allowing uptake of the bacteria for 1 h, extracellular bacteria were killed

by treatment with gentamicin. At 36–48 h after infection, surviving cells were stained with crystal violet dye. A, IFN-�- or IRF-3-deficient macrophages

were analyzed with wt bacteria or, as controls, with the lysis-defective LLO mutant of L. monocytogenes. B, IFN-�- or IRF-3-deficient macrophages were

left untreated or treated with IFN-� 2 h postinfection, and cell death caused by wt L. monocytogenes was determined by crystal violet staining.

7419The Journal of Immunology
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the supernatants to cause Stat1 tyrosine phosphorylation when added

to untreated indicator macrophages (Fig. 2D, upper panel). Compar-

ison with defined amounts of recombinant cytokine allowed the de-

termination of the concentration of type I IFN secreted by infected wt

macrophages within 4 h at �100 U/ml (Fig. 2D, lower panel; com-

pare the signal in the last lane with the signals produced by rIFN-�).

Similar to IFN-�-deficient macrophages, those lacking IRF3 showed

reduced expression of Stat1 (Fig. 2A). In further similarity to IFN-�-

deficient cells, Stat1 phosphorylated at serine-727 was less abundant,

and p38MAPK activation was unaffected (Fig. 2A).

To confirm the essential character of IRF3 and IFN-� for bio-

logical type I IFN activity during infection, we tested the sensi-

tivity of macrophages to L. monocytogenes-induced cell death. As

shown previously for IFNR- or Stat1-deficient cells, the absence of

type I IFN signaling results in a strongly increased resistance of

macrophages to L. monocytogenes-mediated lysis (18). Consistent

with this, IFN-�-deficient macrophages were killed only at the

highest multiplicities of infection (MOI; Fig. 3), whereas their

counterparts from wt mice were killed by infection at low MOI.

Exogenous IFN-�, added 2 h postinfection to mimic the synthesis

of endogenous cytokine, restored the sensitivity to cell death (Fig.

3B). Importantly, IRF3-deficient macrophages were as resistant to

lysis as the IFN-�-deficient cells (Fig. 3, A and B), confirming the

essential role of the protein in bacteria-induced type I IFN synthe-

sis. Control macrophages infected with LLO-mutant bacteria re-

mained viable irrespective of their genotype and the MOI (Fig. 3).

TLR-deficient macrophages produce type I IFN upon infection

with L. monocytogenes

After stimulation with a variety of pathogen-associated molecular

patterns, TLR3, -4, -5, -7, -8, and -9 were shown to stimulate

IFN-� transcription (46). Among these, TLR3, -7, and -8 are un-

likely to contribute to responses against Listeria, due to their spe-

cific ligands, dsRNA or ssRNA, respectively (7–9). TLR4, -5, and

-9 are candidate receptors for L. monocytogenes-associated molec-

ular patterns due to their role in binding multiple, structurally un-

related ligands (TLR4), flagellin (TLR5), or bacterial DNA

(TLR9). Flagellin binding to TLR5 leads to the production of small

amounts of IFN-�. However, this activity requires heterodimer-

ization with and signal transduction through TLR4 (47).

Based on this reasoning, we tested the impact of TLR4 and

TLR9 deficiency on L. monocytogenes-induced signaling in mac-

rophages. Neither TLR was essential for the synthesis of type I

IFN, as shown by the ability of TLR-deficient macrophages to

cause Stat1 tyrosine phosphorylation (Fig. 4, A and B). These find-

ings were corroborated by experiments measuring IFN-� mRNA

synthesis, which did not significantly differ between cells from wt

or TLR-deficient mice (Fig. 4C). Furthermore, the occurrence of

bacteria-induced cell death was not influenced by the absence of

these TLRs (data not shown), excluding their contribution to the

establishment of biological type I IFN activity.

Whereas Stat1 activation after L. monocytogenes infection did

not require TLR activity, TLR4-deficient resting macrophages ex-

pressed reduced levels of Stat1 (Fig. 4A), suggesting that this re-

ceptor provides a maintenance signal for Stat1 expression in the

absence of ligand.

IFN-� synthesis in L. monocytogenes-infected macrophages

occurs in the absence of the TLR adaptors MyD88, TRIF, and

TRAM

To confirm that signals to the Ifn-� gene do not originate from

TLRs during L. monocytogenes infection, we examined whether

absence of the adaptor proteins connecting TLRs to the IRF3 path-

way abrogated the ability of infected macrophages to produce type

I IFN. IRF3 activation and IFN-� synthesis in response to signals

FIGURE 4. L. monocytogenes-induced signal transduction in the absence of TLRs. A and B, wt bone marrow-derived macrophages and macrophages

deficient in TLR4 or TLR9 were infected with L. monocytogenes wt for the indicated periods. Stat1 tyrosine phosphorylation in macrophages deficient for

TLR4 or TLR9 was detected in Western blots with phosphospecific Abs. Differences in Stat1 expression levels between wt macrophages and TLR-deficient

macrophages were analyzed by reprobing the blot with a mAb to the Stat1 N terminus. As a normalization control, the blot was finally probed with Abs

to the Erk1 and Erk2 kinases (panErk). C, Total mRNA was extracted, reverse-transcribed, and analyzed by quantitative real-time PCR for IFN-�

expression. Values were normalized to those obtained with the GAPDH housekeeping gene. To calculate inducibility, the values obtained from uninfected

macrophages were used as a calibrator.

7420 TLR-INDEPENDENT IRF3 ACTIVATION BY L. monocytogenes
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from TLRs results from the selective recruitment of adaptor mol-

ecules to their intracellular TIR domains (48, 49). The general

adaptor MyD88 is involved in stimulating IFN-� synthesis in the

context of TLR9 signaling (50–52). TRIF/TIR-containing adaptor

molecule-1 (TICAM-1) endows both TLR3 and TLR4 with the

ability to activate IRF3 independently of MyD88 (35, 53–56). In

the context of TLR4, but not TLR3, the ability of TRIF to signal

to IRF3 requires TRAM, a further adaptor protein (36, 55).

Macrophages deficient for either MyD88, TRIF, or TRAM were

tested for their ability to synthesize IFN-� mRNA and to activate

Stat1 during infection with L. monocytogenes. None of the adaptor

proteins was critically involved in stimulating the synthesis of

IFN-� (Fig. 5D). The absence of TRIF or TRAM caused some

delay in the induction of IFN-� mRNA, but maximal levels after

4 h were as high as those found in cells from wt animals. The

absence of TRIF or TRAM was accompanied by a reduced level of

Stat1 expression compared with wt macrophages (Fig. 5, A–C).

Consistent with this, somewhat lower levels of tyrosine-phospho-

rylated Stat1 were observed in absence of the adaptor proteins

TRIF and TRAM (Fig. 5, B and C). Control experiments showed

the expected defects in poly(I:C) and/or LPS signaling caused by

TRAM or TRIF deficiency (Fig. 5C, lower panel). MyD88 defi-

ciency caused profound effects on MAPK activation by L. mono-

cytogenes (data not shown), confirming the reported involvement

of MyD88 in responses to the bacterium and the previous distinc-

tion between MyD88-dependent and -independent signal transduc-

tion by bacterial products. As in the case of TLR deficiency, cell

death induced by L. monocytogenes was not different between

FIGURE 5. L. monocytogenes-induced signal transduction and IFN-� synthesis in the absence of the TLR adaptor proteins MyD88, TRIF, or TRAM.

wt bone marrow-derived macrophages and macrophages deficient in the indicated TLR adaptors were infected with wt L. monocytogenes at MOI of 10 for

the indicated periods. Stat1 tyrosine phosphorylation in macrophages deficient for MyD88 (A), TRIF (B), or TRAM (C) was detected in Western blots with

phosphospecific Abs. Differences in Stat1 expression levels between wt macrophages and adaptor protein-deficient macrophages were analyzed by re-

probing the blot with a mAb to the Stat1 N terminus. As a normalization control, the blot was finally probed with Abs to the Erk1 and Erk2 kinases (panErk).

The lower panel of C shows Stat1 tyrosine phosphorylation in LPS-stimulated, Raw 264.7 macrophages, or in TRIF- or TRAM-deficient bone marrow-

derived macrophages after stimulation of TLR4 with LPS, or stimulation of TLR3 with dsRNA. A loading control was performed by reprobing the blot

with panErk Abs. D, Total mRNA was extracted, reverse-transcribed, and analyzed by quantitative real-time PCR for IFN-� expression. Values were

normalized to those obtained with the GAPDH housekeeping gene. To calculate inducibility, the values obtained from uninfected macrophages were used

as a calibrator.
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macrophages from wt and MyD88-, TRIF-, or TRAM-deficient

animals (data not shown). This further confirms that IFN-� syn-

thesis does not critically require TLR adaptor proteins.

L. monocytogenes infection stimulates signal transduction to the

Ifn-� gene in absence of Nod2

The Nod1 and Nod2 proteins are thought to act as intracellular

receptors of bacterial cell walls (57). Nod1 binds bacterial muro-

dipeptides containing meso-diaminopimelic acid derived mainly

from Gram-negative bacteria. Consistently, Nod1-deficient mac-

rophages or epithelial cells show impaired responses to muro-

dipeptides containing meso-diaminopimelic acid, but normal re-

sponses to muramyl dipeptide (MDP) (58, 59). Nod1 did not

activate NF-�B upon introduction of extracts derived from L.

monocytogenes into the cytoplasm, suggesting it is not involved in

sensing intracellular infection with this pathogen (59). Nod2 was

shown to bind MDP derived from peptidoglycan of both Gram-

positive and Gram-negative bacteria, and Nod2-deficient macro-

phages show blunted responses to MDP (37, 60). Girardin and

colleagues (12, 59) proposed Nod2 as a more general sensor of

intracellular bacteria.

We used Nod2-deficient macrophages to examine whether the

protein might be an essential receptor for intracellular L. monocy-

togenes. As shown in Fig. 6A, amounts of Stat1 and Stat1 tyrosine

phosphorylation were identical in infected macrophages from

Nod2-deficient or wt mice. In accordance with this, expression of

the Ifn-� gene in infected cells was highly similar in the presence

or absence of Nod2 (Fig. 6B). The death of infected macrophages

also showed a very similar dependence on the MOI (data not

shown), ruling out a crucial role of Nod2 in stimulating signals

targeting the cell death machinery. The control RT-PCR shown in

Fig. 6C confirmed the correct genotype of the cells.

The lack of IFN-� production differentially affects the expression

of IFN-inducible genes

IFN-stimulated genes (ISGs) contribute significantly to the pattern

of genes expressed in response to microbial infection, a finding

explained in part by the link of TLR3 and TLR4 to the IRF3

pathway (42, 61, 62). ISG expression was augmented during in-

fection with L. monocytogenes (Fig. 7). Among ISGs, we identi-

fied the genes encoding Nod1 and Nod2 proteins and the gene

encoding iNOS (NOS2). These genes were not expressed upon L.

monocytogenes infection of macrophages deficient for IFN-�, sug-

gesting an essential role of JAK-STAT signaling through the type

I IFNR for the activation of their promoters (Fig. 7A). Further

examples of ISGs stimulated by infection were the gene encoding

transcription factor IRF7, whose induction is consistent with the

stimulation of Ifn-�n genes shown in Fig. 1, and the gene encoding

GBP2. The Irf7 and Gbp2 genes were induced also in absence of

IFN-�, albeit at a reduced level (Fig. 7B). Because a subset of ISGs

were shown to respond to IRF3 independently of signals from the

type I IFNR (63, 64), we tested the ability of IRF3-deficient mac-

rophages to induce the Irf7 and Gbp genes. Both were reduced

with respect to wt, but clearly inducible in absence of IRF3 (Fig.

7B). Similarly, the absence of Stat1 reduced, but did not abolish

Irf7 and Gbp2 induction.

Discussion
Our results emphasize the activation of the IRF3 pathway as a

common denominator of responses to at least some intracellular

pathogens. Although there is little structural or biological resem-

blance between viruses and intracellular bacteria, both share the

ability to activate IRF3 kinases and use the transcription factor for

type I IFN synthesis and a subsequent cellular IFN response. The

benefit of this pathway for the host organism is obvious in the case

of viruses through the induction of an antiviral state. It is much less

clear for intracellular bacteria. In fact, type I IFNR- or IRF3-de-

ficient mice appear to have an increased ability to clear bacteria

from infected organs, which results from a reduced sensitivity to L.

monocytogenes-induced host cell death (65–68). IFN-�-deficient

mice might similarly be expected to have increased resistance to

infection with L. monocytogenes.

FIGURE 6. Signal transduction and IFN-� synthesis in Nod2-deficient

macrophages exposed to L. monocytogenes. A, Bone marrow-derived mac-

rophages were infected with L. monocytogenes at MOI of 10 for the indi-

cated periods. Thereafter, Stat1 tyrosine phosphorylation was detected in

Western blots with phosphospecific Abs. Differences in Stat1 expression

levels between wt macrophages and macrophages deficient for Nod2 were

analyzed by reprobing the blot with a mAb to the Stat1 N terminus. As a

normalization control, the blot was finally probed with Abs to the Erk1 and

Erk2 kinases (panErk). B, wt bone marrow-derived macrophages or mac-

rophages deficient for Nod2 were exposed to wt L. monocytogenes at MOI

of 10. After the indicated periods, total mRNA was extracted, reverse-

transcribed, and analyzed by real-time PCR for IFN-� expression. Values

were normalized to those obtained with the GAPDH housekeeping gene.

To calculate inducibility, the values obtained from uninfected macrophages

were used as a calibrator. C, To ascertain the correct genotype of the

macrophages used for Fig. 6, A and B, the expression of Nod2 mRNA was

analyzed by RT-PCR in wt and Nod2�/� macrophages as described (37).

Nod1 amounts in the same samples are shown for calibration. The last lane

shows a control reaction without cDNA.
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Our results further suggest that TLRs and the adaptor proteins

linking them to the Ifn-� gene are not involved in transducing L.

monocytogenes-derived signals. The slight reduction in IFN-�

mRNA expression observed in TRIF-deficient cells is in sharp

contrast to the complete lack of IFN-� synthesis and Stat1 tyrosine

phosphorylation caused by TRIF deficiency after TLR3 stimula-

tion and by TRIF or TRAM deficiency after TLR4 stimulation (35,

36). Besides supporting the notion that IFN-� production and IFN-

�-mediated death sensitization are TLR-independent events, our

analyses of infected macrophages show that the mechanism of

FIGURE 7. Expression of IFN-inducible genes in macrophages infected with L. monocytogenes. A, wt bone marrow-derived macrophages or macro-

phages deficient for IFN-� were infected with L. monocytogenes at MOI of 10 and analyzed for expression of the Nod1, Nod2, and Inos genes by

quantitative real-time PCR. Values were normalized to those obtained with the GAPDH housekeeping gene. To calculate inducibility, the values obtained

from uninfected macrophages were used as a calibrator. B, wt bone marrow-derived macrophages or macrophages deficient for either IFN-�, IRF3, or Stat1

were infected with wt L. monocytogenes at MOI of 10. After the indicated periods, expression of the Irf7 and Gbp2 genes was analyzed by quantitative

real-time PCR as described for A.

7423The Journal of Immunology
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death induction by L. monocytogenes differs from that used by

Yersinia enterolytica, Bacillus anthracis, or the sipB mutant of

Salmonella typhimurium, which in all cases requires signaling

through TLR4 (69, 70).

TLR-independent type I IFN synthesis supports the hypothesis

that the LLO requirement reported for IFN-� or chemokine pro-

duction (18, 19, 71) reflects a need for intracellular, cytoplasmic

recognition of L. monocytogenes rather than a direct signal trans-

duction function of the hemolysin. Consistent with this assump-

tion, partially purified LLO preparations when added to the culture

medium of macrophages eventually caused cellular lysis, but failed

to induce rapid IFN-� synthesis (18).

The Nod family of cytoplasmic proteins containing a leucin-rich

repeat domain structurally related to the TLR ectodomain, has re-

ceived particular attention as cytoplasmic pathogen sensors (57).

In this study, we show that Nod2, although recognizing a mu-

ropeptide present in Gram-positive and Gram-negative bacteria

and recently implicated in signal transduction by internalized

Streptococcus pneumoniae (72), is not critically involved in me-

diating type I IFN synthesis upon infection with L. monocytogenes.

This is in line with the lack of IRF3 activation in cells overex-

pressing the Nod2 CARD domains (5). Together with the data

from Girardin and colleagues ruling out a general involvement of

Nod1 in cytoplasmic recognition of L. monocytogenes, our results

suggest a novel and as-yet-unidentified protein mediating IRF3

activation by cytoplasmic L. monocytogenes. Of note, Yoneyama

et al. (5) have recently identified a cytoplasmic receptor, Rig-I, for

RNA viruses. Rig-I employs a RNA helicase to bind dsRNA and

its CARD domain for signaling to the IRF3 kinases. dsRNA is not

a pathogen-associated molecular pattern of cytoplasmic bacteria

and therefore, in analogy with TLR3, not a candidate receptor for

L. monocytogenes. However, the Rig-I CARD domain may be a

paradigm for cytoplasmic pathogen sensors activating the IRF3

pathway. Consistent with our data, this type of CARD domain

activates IRF3 without requiring the TLR adaptor TRIF (5).

IFN-� synthesis early during infection gives rise to a major

contribution of IFN-induced genes (ISGs) to the pattern of Liste-

ria-induced genes. In accordance with studies of Gram-negative

bacteria, which induce IFN-� synthesis through TLR4 (42, 61, 62),

our findings suggest that the IFN response is a general attribute of

phagocytes engaged in antibacterial responses. Interestingly, ISGs

expressed upon infection with L. monocytogenes fall into distinct

categories. Some, like Nod1/2 or iNOS essentially require IFN-�,

whereas others (IRF7, GBP2) can be induced independently of

IFN-�/Stat1 signaling, albeit at reduced levels. Direct activation of

the respective promoters by IRF3 has been proposed as an alter-

native mechanism of inducing a subset of ISGs (63, 64). However,

our studies show that these genes respond to Listeria infection

even in complete absence of IRF3, hence independently of IFN-�

synthesis and Stat1 activation (Fig. 2). A possible explanation for

this finding could be that resting macrophages express sufficient

amounts of IRF7 to mediate ISG induction in absence of IRF3. We

have tried to test this hypothesis but failed to obtain clear results

due to the inadequacy of Abs from commercial suppliers.

An interesting sideline of our results is the finding that, similar

to type I IFNR-deficient cells (18), macrophages lacking IFN-�,

IRF3, TLR4, or TLR adaptors express reduced levels of Stat1,

suggesting a contribution of these proteins to Stat1 maintenance.

Because Stat1 is encoded by an IFN-inducible gene, a low consti-

tutive signal through a TLR4-TRIF/TRAM-IRF3-IFN-� pathway

may increase its expression due to the secretion of small quantities

of type I IFN in the absence of a microbial ligand. As previously

hypothesized, the function of this type I IFN/IFNR-dependent au-

toregulatory loop may be to maintain expression of immune re-

sponse genes at sufficient levels to provide a state of alertness

(73–75). In analogy to our observations with the TLR4-dependent

IRF3-IFN-� pathway, Shi et al. (76) demonstrated a MyD88 re-

quirement for constitutive TNF-� production and NF-�B activa-

tion, which synergized with IFN-� in gene induction. Together,

these findings emphasize the potential importance of constitutive

receptor signals and autoregulatory cytokine loops in increasing

the alertness of the immune system for microbial attack.
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