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Innate and adaptive immunity depends critically on host recognition of pathogen-associated molecules. Toll-like receptors (TLRs)
are key mediators of pathogen surveillance at the cell or phagocytic vacuole surface. However, mechanisms underlying recognition of pathogens in other cellular compartments remain unclear,
and responses elicited by cytosolic challenge are poorly characterized. We therefore used mouse cDNA microarrays to investigate
gene expression triggered by infection of bone marrow-derived
macrophages with cytosol- and vacuole-localized Listeria monocytogenes (Lm), a model cytosolic pathogen. The resulting gene
expression program included two basic categories of induced
genes: an ‘‘early兾persistent’’ cluster consistent with NF-B-dependent responses downstream of TLRs, and a subsequent ‘‘late
response’’ cluster largely composed of IFN-responsive genes (IRGs).
The early兾persistent cluster was observed upon infection with WT,
heat-killed, or mutant Lm lacking listeriolysin O, the pore-forming
hemolysin that promotes escape from phagocytic vacuoles. However, the IRG cluster depended on entry of WT Lm into the cytosol.
Infection with listeriolysin O-expressing, cytosolic Bacillus subtilis
(Bs) strikingly recapitulated the expression profile associated with
WT Lm, including IRG induction. IRG up-regulation was associated
with MyD88-independent induction of IFN-␤ transcription and
activity. Whereas Staphylococcus aureus (Sa) lipoteichoic acid
treatment confirmed that many late-response genes could also be
stimulated through TLRs, our study identified a cytosol-specific
transcriptional program independent of TLR signaling through
MyD88. Further characterization of cytosolic surveillance pathway(s) and their points of convergence with TLR- and IFN-dependent pathways will enhance our understanding of the means by
which mammals detect and respond to pathogens.
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A

central problem in cellular immunity is how immune
effector cells integrate multiple signals, of microbial and
host origin, to induce an appropriate immune response. Rapid
detection of pathogens is crucial for the induction of innate and
adaptive immune responses. The primary detection mechanism
is mediated by plasma membrane-bound pathogen recognition
receptors (PRRs), such as Toll-like receptors (TLRs), which
allow self-nonself discrimination by selective engagement of
pathogen-associated molecules (1). TLRs interact with various
microbe-associated molecules, and subsequent activation induces up-regulation of costimulatory molecule expression, production of antimicrobial effector molecules, and secretion of
proinflammatory cytokines and chemokines. These responses
are mediated largely through NF-B-dependent pathways (1).
TLR signaling occurs at the cell surface or from within phagosomes and requires the MyD88 adaptor molecule for full activation (2, 3). However, little is known about innate immune
signaling initiated within the cytosol. An emerging family of
intracellular PRRs, called NOD-LRRs (nucleotide-binding oligomerization domain–leucine-rich repeats) may enable the innate immune system to sense intracellular pathogens. NODLRRs are involved in regulation of apoptosis and inflammation
and have been linked to chronic inflammatory disorders (4).
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Although little is known about their ligands, NOD-LRRs may
mediate immune responses to cytosolic pathogens. Indeed,
cytosol-triggered NF-B activation and cytokine gene transcription have been described, supporting the possibility of a TLRindependent, cytosolic surveillance pathway (5). Because bacterial pathogens have evolved to exploit different cellular niches,
activation of the innate immune system from either the cell
surface, or from within the vacuole or cytosol, may allow the host
to recognize and respond to microbes that occupy distinct
cellular compartments.
A Gram-positive intracellular pathogen, Listeria monocytogenes (Lm) is an excellent model organism for probing the innate
response to cytosolic pathogens. Upon phagocytosis, Lm is
initially enclosed within host cell vacuoles. Subsequent secretion
by Lm of the hemolysin listeriolysin O (LLO) (encoded by hly)
promotes vacuolar escape and cytosol entry. Cytosolic growth
and cell-to-cell spread allow dissemination of Lm while maintaining its intracellular niche and avoiding the adaptive response.
Several well characterized mutants cannot progress through the
stages of the Lm life cycle and are thus constrained to distinct
cellular compartments. LLO-deficient Lm (⌬hly) cannot escape
from host vacuoles, enter the cytosol, replicate, or spread from
cell to cell (6). Because the ⌬hly mutant is vacuole-confined, it
is a valuable tool for distinguishing between surface (TLR)- and
cytosol-dependent gene expression programs.
Microarrays are a powerful tool for analysis of gene expression
programs associated with diverse immunological processes, including the host–pathogen interaction (7). Both core and organism-specific transcriptional responses to various microbes
have been described for several host cell types (8–11). Like other
cell types, macrophages undergo a generalized response to a
broad range of pathogen-associated molecules, including upregulation of proinflammatory genes, receptors, signaling molecules, and transcription factors (12). Whereas TLRs play a
critical role in this response, some pathogen-specific gene expression programs indicate the possible involvement of alternative signaling pathways (8, 12). However, little is known about the
transcriptional response resulting from cytosolic localization of
intracellular pathogens. We therefore characterized the gene
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Materials and Methods
Bacterial Strains and Growth. Congenic Lm 10403S (WT) and
DP-L2161 (⌬hly) were inoculated into liquid brain–heart infusion
and incubated overnight at 30°C without shaking. Before infection,
Lm were normalized to 2 ⫻ 109 colony-forming units (cfu)兾ml,
washed twice, and resuspended in PBS. Congenic asporogenous
(spoIIE::Tn917⍀HU181) Bacillus subtilis (Bs) DP-L980
(SP␤::pAG58-ble1-hly; LLO⫹) and DP-L1066 (SP␤::pAG58-ble1;
LLO⫺) 37°C mid-log cultures were normalized to 2 ⫻ 108 cfu兾ml,
washed twice, and resuspended in PBS (13).
Cell Culture, Infections, and Liposomes. BMDM were isolated from
4- to 6-week-old female MyD88⫺/⫺ (gift of R. Medzhitov, Yale
University School of Medicine, New Haven, CT) or C57BL兾6
(The Jackson Laboratory) mice (14). Sixteen hours prior to
infection, 3 ⫻ 107 BMDM per condition per time point were
plated in L929 cell conditioned medium and incubated overnight
at 37°C in 5% CO2. BMDM were infected with WT Lm at an moi
of ⬇6:1, resulting in ⬇99% infected with 1–5 Lm per cell. ⌬hly
Lm were added at mois of ⬇6:1, or ⬇300:1. At 0.5 hours
postinfection (hpi), plates were washed three times with 37°C
DMEM, and fresh media were added. At 1 hpi, gentamycin was
added to give a final concentration of 50 g兾ml. Mock infections
were conducted in parallel. mRNA was prepared with FastTrack
2.0 kits (Invitrogen). For Bs infections, isopropyl ␤ - D thiogalactoside (IPTG) was added to BMDM to give a final
concentration of 1 mM, and normalized cultures were added to
an moi of ⬇6:1. At 0.5 hpi, plates were washed three times with
DMEM, and fresh IPTG⫺ media were added. Subsequent steps
were as above. Heat-killed (HK) Lm were added to BMDM at
an moi of ⬇6:1. Additionally, HK Lm were added to BMDM at
an moi of ⬇6:1 and not washed off. Filtered Sa LTA (Sigma) was
used at a final concentration of 10 g兾ml. Subsequent steps were
as described for WT Lm. phosphatidylethanolamine兾cholesterylhemisuccinate (PE兾CHEMS) liposomes packaged with
recombinant LLO (15) were added to BMDM at a final concentration of 100 ng兾ml LLO. At 1 hpi, BMDM were washed
three times with 37°C DMEM with subsequent steps as before.
Except for the Sa LTA time course, all treatments were independently replicated two to three times.
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Microarrays. Fluorescently labeled cDNAs were hybridized as

follows: Bs ⫹ LLO vs. Bs ⫺ LLO, LLO ⫹ liposomes vs.
LLO⫺liposomes, and all other conditions vs. mock infections.
Data were normalized and have been archived at http:兾兾
microarray-pubs.stanford.edu兾Lm (16). The significance analysis of microarrays (SAM) algorithm (17) was used with two-class
unpaired designs to identify genes differentially expressed relative to their aggregate T0 expression. ⌬ values giving approximately two false significant genes per treatment per time point
were chosen, and a 3-fold threshold was superimposed. Sa LTA
McCaffrey et al.

treatment genes were selected on the basis of a 3-fold threshold
alone. We removed spots with signal ⬍2-fold above background
in both channels and兾or a regression correlation ⬍0.6. Significance at any one time point was sufficient for inclusion in a
master gene list, which was used to retrieve the LLO ⫾ liposome
treatment data. Best-effort averages of replicates were calculated. Genes with ⬍75% good data were excluded, and remaining data were clustered and visualized (18).
RT-PCR and Protein Assays. First-strand cDNA was produced by

using 1 g of total RNA and Applied Biosystems RT-PCR
reagents. Quantitative PCR (q-PCR) was performed by using
the GeneAmp 5700 Sequence Detection System using SYBR
Green PCR reagents (Applied Biosystems). Primer sequences
are available on request. Culture supernatant proteins were
analyzed by using IFN-␣ (Pierce) and IFN-␥ (R & D Systems)
ELISA kits. IFN-type I bioassays were as described (19).
Results and Discussion

Cytosolic Lm Induce a Biphasic Transcriptional Response Whereas
Vacuolar Lm Primarily Induce an Early TLR兾NF-B-Mediated Response.

Macrophages are crucial mediators of innate immunity and have
been used extensively as a model for host–pathogen interactions.
Macrophages are also important sites of growth and dissemination of intracellular pathogens. We therefore used mouse cDNA
microarrays to analyze the gene expression profiles of BMDM
infected with cytosolic or vacuole-restricted Lm. To elucidate
the transcriptional responses attributable to cytoplasmic localization of Lm, we first compared the response of BMDM to WT
Lm, which enter the host cytosol, with that elicited by an
equivalent initial moi of vacuole-restricted mutant Lm (⌬hly)
(Fig. 1, WT, ⌬hly). Consistent with previous studies, we found
that the host–pathogen interaction resulted in significant expression level changes for a large number of host genes (Fig. 1; 1,445
vary ⬎3-fold) (12, 9). The transcriptional response to WT Lm
could be broadly divided into an ‘‘early’’ activation phase by 1–2
hpi (Fig. 1, group I) and a ‘‘late’’ phase by 4–8 hpi (Fig. 1, groups
II and IV). However, this biphasic response was unlike the
pattern observed previously in response to WT Lm infection of
human Caco-2 epithelial-like cells, which primarily manifest an
early-and-persistent response (9). This difference may reflect
host or cell-type specificity or could be attributable to the
postinduction repression of Ifnb expression noted in human cells
(5). In our system, ⌬hly Lm also induced the early response, but
the late cluster was unique to WT Lm. Because TLRs would
presumably have a comparable ability to signal the presence of
WT and ⌬hly Lm, we hypothesized that the early response was
attributable to the initial cell surface–Lm interaction. To determine whether the early response could also be elicited by
Lm-associated molecules, we exposed BMDM transiently (0.5 h;
Fig. 1, HK) or persistently (8 h; Fig. 1, HK⫹) to vacuolerestricted, HK Lm. We found that, like the ⌬hly mutant, HK and
HK⫹ Lm induced only the early cluster. Thus, the early response
did not depend upon any interaction with live Lm but was instead
a generalized response presumably mediated by surface兾
vacuole-bound PRRs.
The early response induced by vacuole-restricted Lm was
dominated by two basic patterns: a strong, transient response
beginning by 1 hpi and diminishing by 4–8 hpi and an early兾
persistent response, lasting the duration of the time course. In
neither case was cytosolic localization required for gene induction; ⌬hly and HK Lm induced as efficiently as WT Lm. Most
genes in this subset seemed to be components of the general
response described for both bacteria-associated molecules and
for Lm in the context of the Caco2 and THP1 cell lines (8, 9, 11).
The early cluster was strongly enriched for genes with regulatory
or effector roles in innate immunity, including receptors, signal
transducers, proinflammatory cytokines, and chemokines. InPNAS 兩 August 3, 2004 兩 vol. 101 兩 no. 31 兩 11387
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expression program triggered in response to infection of primary
bone marrow-derived macrophages (BMDM) with WT Lm,
vacuole-restricted Lm mutants, and related nonpathogenic bacteria to identify genes induced by cytosolic surveillance. We
found that cytosolic pathogen surveillance induces a transcriptional program encompassing many genes regulated by IFN-␤.
Several of these genes are also induced by Gram-positive Staphylococcus aureus (Sa) lipoteichoic acid (LTA) and a high multiplicity of infection (moi) of vacuole-restricted ⌬hly Lm, implying that both TLR and cytosolic surveillance pathways converge
with Type I IFN pathways. We also describe a distinctly cytosolspecific gene expression program. Further characterization of
signaling events that activate cytosol-mediated induction of both
IFN-responsive gene (IRG) and non-IRG genes will help elucidate mechanisms by which hosts recognize and respond to
cytosolic pathogens.

macrophages in effector cell recruitment, we observed induction
of large numbers of chemokines, predominantly from the C–C
ligand family. Induced innate immunity receptor genes included
Tlr2, Cd14, and the n-formyl peptide receptor, Fpr1. Whereas the
majority fell into the early兾persistent category, it is interesting to
note that the early兾transient category included the gene encoding immediate early response 3 (IER3), which counters the
proapoptotic properties of TNF-␣. Thus, both WT and vacuolebound Lm induce an early TLR兾NF-B-associated response
whereas cytosolic localization of WT Lm was required to induce
the late response.
The Presence of Cytosolic Lm Stimulates a Distinct Late Expression
Cluster. Unlike the universal early兾persistent cluster, the late

cluster (Fig. 1, group II) was observed upon infection with WT,
but not ⌬hly or HK Lm. The late cluster coincided with times
(4–8 hpi) at which Lm localized to the cytoplasm. At later time
points, BMDM infected with WT Lm had a significantly higher
bacterial load than those infected with an equivalent initial moi
of ⌬hly Lm (Fig. 5, which is published as supporting information
on the PNAS web site). To determine whether differences
between WT and ⌬hly gene expression was due to the disparity
in bacterial numbers, we infected BMDM with ⌬hly Lm at an
initial moi 50-fold higher than previously used (hly⫹, 300:1). This
increased moi resulted in a bacterial load of ⌬hly Lm equal to or
exceeding the number observed in WT infections at 8 hpi
(median 40 Lm per cell; Fig. 6, which is published as supporting
information on the PNAS web site). As expected, this ‘‘overinfection’’ led to powerful stimulation of genes associated with the
cell surface receptor-mediated early兾persistent cluster (Fig. 1,
hly⫹). Also, whereas some late cluster genes previously uninduced by ⌬hly and HK Lm infection did then exhibit activation
upon ⌬hly⫹ infection, the majority remained uninduced. Thus,
some overlap exists between Lm-mediated surface兾vacuolar and
cytosolic signaling, but cytoplasmic localization of Lm was
necessary for up- or down-regulation of most late cluster genes.
Alteration of Cell Cycle Regulation and Nucleic Acid Metabolism Is the
Dominant Theme of the Late Repressed Cluster. Unlike the early兾
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Fig. 1. Macrophage activation program elicited by intracytosolic or vacuolar
bacteria and bacterial components. Shown is an Eisen plot of 1,445 genes
selected as described in Materials and Methods. Columns represent BMDM
treatments at 0, 1, 2, 4 and 8 hpi; rows colorimetrically represent expression
ratios of individual genes. Cy5-labeled treatments were compared with
matched Cy3-labeled uninfected or untreated controls. Intensity of red or
green shading is proportional to, respectively, gene induction or repression
relative to the uninfected or control. Zoom boxes represent clusters described
in the text. HK, heat-killed Lm, 0.5-h treatment; HK⫹, persistent 8-h treatment;
Hly, ⌬hly Lm (moi ⫽ 1); WT, WT Lm; Bs, B. subtilis ⫾ LLO; Hly⫹, ⌬hly Lm (moi ⫽
50); LTA, S. aureus LTA; LLO, liposomes ⫾ LLO.

deed, many of these genes are direct members of TLR兾NF-B
signaling pathways or are induced by their stimulation. Induced
NF-B pathway members included NF-B precursors p105 and
p49兾p100, and the NF-B inhibitor IB. Among the induced
cytokine genes were IL-1␤ and tumor necrosis factor (TNF)-␣,
both hallmarks of NF-B activation. Consistent with the role of
11388 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0403215101

persistent cluster, which was strongly enriched for activated
genes, the late response cluster featured both activated and
repressed genes (Fig. 1, groups II and IV, respectively). The
repressed cluster included many genes involved in cell cycle
regulation, DNA replication, and nucleic acid metabolism, consistent with the role of IFNs as physiological growth inhibitors
affecting the cell cycle. Significantly, the gene encoding the
oncogenic Myc transcription factor is repressed. Myc induction
promotes cell proliferation by activation of growth-promoting
genes such as ornithine decarboxylase and Cdc25a, both of which
are group IV members (20, 21). Myc repression has been
previously associated with growth inhibition by type I IFNs. The
repression of cellular growth-related genes attendant to WT Lm
infection may serve to reserve energy or resources for sustaining
the immune response or to inhibit further bacterial growth
and兾or spread. Growth inhibition instigated by intracytosolic Lm
may be attributable to IFN induction.

The Late Cytoplasmic Cluster Is Dominated by IFN-Regulated Genes. A

striking feature of the late activation cluster (Fig. 1, group II) is
the predominance of IRGs. Both Type I (␣兾␤) and Type II (␥)
IFNs play significant roles in the host response to numerous
pathogens, predominantly by mediating induction of genes crucial to development of innate and adaptive immunity (22, 23). In
our system, ELISA analysis of culture supernatants showed that
neither IFN-␣ nor IFN-␥ production mediated the observed
IRG induction (data not shown). Historically, it was thought that
IFN-␤ was produced primarily in response to viral pathogens.
However, we and others have demonstrated that IFN-␤ producMcCaffrey et al.
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tion can also be elicited by bacterial pathogens and pathogenassociated molecules (5, 19, 24). Cytosolic Lm infection resulted
in significant IFN-␤ transcription and secretion, but even a high
initial dose of ⌬hly Lm did not (Fig. 3).
The significance of IFN-␤ production in the context of bacterial infections is unclear although type I IFNs may sensitize
macrophages to Lm-induced cell death (25). Interestingly, the
late IRG cluster included genes encoding anti-viral factors, such
as myxovirus resistance proteins and oligoadenylate 2⬘-5⬘ synthetase, and genes involved in MHC class I antigen presentation,
such as Tapasin and proteasome component Lmp2 (Fig. 2).
Whereas the precise functions of many IRGs are unknown, some
IRGs, such as Ccl5兾Rantes, encode chemokines promoting recruitment of inflammatory cells. Thus, cytosolic Lm-induced
IFN-␤ and subsequent IRG activation may serve to enhance
antigen processing and presentation, as well as to recruit and
activate inflammatory cells, just as in viral infections.
Extensive activation of IFN signaling genes was noted, including the signal transducers and activators of transcription Stat1,
Stat2, and Stat3, and the Jak2 kinase required for later IFN-␥
signaling. Notably, the late cluster includes genes encoding IL-12
and IL-18, which synergistically promote secretion of IFN-␥ by
NK and T cells, and direct the immune response toward a
protective Th1 response. IFN regulatory factors (IRF) Irf1 and
Irf7, which encode factors that bind IFN-stimulated response
elements in the promoter regions of IRGs, were also induced.
IRF7 is associated with transcription of IFN-␣ genes, and,
despite the absence of IFN-␣ production during our time course,
this observation suggests that ␣-IFNs may nevertheless be produced later. The extent to which the IFN response depends on
IFN-␤ secretion or type I IFN receptor binding is unclear; future
studies will investigate whether IRFs such as IRF3 may directly
stimulate transcription of IRGs in response to Lm.
Finally, IRG induction could contribute to clinical manifestations of listeriosis; we note the induction of Fgl2, encoding fibrinogen-like protein 2, an IFN-regulated protease that cleaves prothrombin. FGL2-mediated thrombin deposition in the vascular
epithelium of veins and arteries nourishing the placenta causes
fibrin deposition, and complement and leukocyte activation leading
to termination of placental blood flow. Fgl2 induction may thus
contribute to Lm-induced spontaneous abortion (26).
IRG Induction Is Recapitulated by Cytoplasmic Localization of Bs,
Indicating a Generalized Rather than Lm-Specific Response. The

dependence of the IRG cluster on cytosolic localization of Lm
McCaffrey et al.

Fig. 3. Cytosolic but not vacuolar bacteria significantly induce IFN-␤ mRNA
and protein expression. (A) Mouse BMDM treated with cytosolic bacteria [WT,
WT Lm; Bs⫹, Bs plus LLO] or vacuolar bacteria [hly, ⌬hly Lm (moi ⫽ 6), hly⫹, ⌬hly
Lm (moi ⫽ 300)]. Shown is total RNA from 6 hpi, Ifnb RNA levels estimated by
quantitative PCR, mean of three experiments ⫾ SD. (B) Type I IFN bioassay,
supernatants from BMDM treated with bacteria or bacterial products, legend
as in Fig. 1 except Bs ⫽ B. subtilis-expressing LLO. Shown are the means of two
separate bioassays of samples pooled from three experiments ⫾ SEM. Data
shown for 4 and 8 hpi; all samples before 4 hpi had titers ⱕ4. (C) Total RNA
from MyD88⫺/⫺ BMDM at 6 hpi. Ifnb levels were estimated by quantitative
PCR. Values represent the means of three experiments ⫾ SD. In all panels, Un ⫽
untreated control.

led us to question whether the IFN response was specific to Lm
infection. We therefore tested whether cytoplasmic localization
of a related nonpathogenic bacteria would recapitulate the WT
Lm transcriptional response. We infected BMDM with a strain
of Bs engineered to secrete LLO (27). Bs expressing LLO
(Bs⫹LLO) escape the phagocytic vacuole and enter the cytosol
but persist rather than proliferate (Fig. 7, which is published as
supporting information on the PNAS web site). Strikingly, we
observed that infection of BMDM with Bs⫹LLO, but not a
non-LLO-producing control (Bs⫺LLO), closely mimicked the
response induced by WT Lm (Fig. 1, Bs). This response included
significant induction of both Ifnb transcription and IFN-␤ secretion upon infection by Bs⫹LLO, but not by Bs⫺LLO (Fig. 3B).
Except for a small set of genes induced only by Bs⫹LLO (Fig. 1,
group III), the overwhelming majority of group II genes exhibited similar expression patterns under both infection regimes.
However, because the Lm virulence factor LLO was used in both
instances to mediate cytosolic localization, we examined the
transcriptional effects of LLO alone.
LLO has been shown to trigger several host-signaling pathways,
but many of these experiments directly exposed cell cultures to
purified LLO (e.g., 28). Exogenous LLO treatment damages the cell
membrane and differs greatly from the way that host cells would be
exposed to LLO during Lm infection. To imitate a more physiological exposure to LLO, we used an acid-labile liposome system to
deliver purified LLO directly to the cytosol (Fig. 8, which is
published as supporting information on the PNAS web site). We
compared relative BMDM transcription occurring upon treatment
with LLO⫹ and LLO⫺ liposomes and found that LLO modestly
activated many genes of the early兾persistent cluster. However, we
found significant induction by 1 hpi of Tnfa, consistent with earlier
studies showing LLO-induced tumor necrosis factor (TNF)-␣ production (28). This result was also consistent with the somewhat
stronger stimulation of the early cluster observed in WT relative to
PNAS 兩 August 3, 2004 兩 vol. 101 兩 no. 31 兩 11389
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Fig. 2. The late expression cluster is dominated by IFN-dependent genes.
Both cytosolic and LTA-induced signaling induce IFN-regulated gene expression; shown are the 25 most highly expressed (WT, 8 h) group II genes
previously shown to exhibit IFN dependence. Abbreviations are as in Fig. 1.

HK or ⌬hly Lm infections. Significantly, LLO⫹ liposomes had little
effect on the majority of genes in the late cluster (Fig. 1, LLO).
Thus, LLO played no significant role in triggering the cytosolic
surveillance pathway but was able to induce NF-B-regulated
genes, possibly through crosstalk with pathway(s) downstream of
TLRs. We therefore conclude that late IRG cluster induction
principally required general recognition of cytosolic bacteria rather
than depending on some specific feature of Lm pathogenesis.
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The IRG Cluster Is Induced by Sa LTA, Implying Convergence of TLR,
IFN, and Cytosolic Surveillance Pathways. Although we observed

little evidence for IRG activation by noncytosolic bacteria,
others report that extracellular stimulation of TLR3 and TLR4
by double-stranded RNA (dsRNA) and lipopolysaccharide
(LPS), respectively, can lead to the production of IFN-␤ and
activation of IRGs (29, 30). Lm presents neither LPS nor
dsRNA, and the late IRG cluster remained uninduced by high
numbers of ⌬hly Lm. Given that TLR2 has not been implicated
in IRF3兾IFN-␤ pathways, and if TLR2 is the primary mediator
of noncytosolic Lm detection, one would predict little or no
induction of the IRG cluster by Lm-associated molecules alone.
We wished to treat BMDM with a strong TLR stimulus to both
maximize identification of TLR-induced IRGs and to further
distinguish cytosol-specific genes. We therefore exposed BMDM
to a high dose (10 g兾ml) of Sa LTA, a Gram-positive TLR
ligand. Despite our inability to efficiently stimulate the late IRG
cluster with a high moi of ⌬hly Lm, we were surprised to find that
the majority of the genes in that cluster were induced strongly by
this purely extracellular stimulus, and with kinetics similar to
those observed upon infection with cytosolic bacteria (Fig. 1,
LTA, group II). Although some group II genes were induced to
a lesser degree by Sa LTA treatment than by WT Lm or Bs⫹LLO
infection, IRG expression was similar across these conditions,
indicating that both cytosolic and surface兾vacuolar stimulation
could lead to IRG induction.
Whether Sa LTA is a TLR2 or TLR4 ligand is controversial,
and endotoxin contamination of commercial LTA preparations
may explain this confusion (31). Using Tlr4-deficient C3H兾HeJ
BMDM, we observed that Ifnb induction by our Sa LTA
preparation was entirely TLR4-dependent (data not shown).
Thus, the gene induction observed upon Sa LTA treatment may
have been attributable to contaminating LPS signaling through
a TLR4-mediated pathway not normally triggered by Lm, leading to induction of the IRG cluster. Alternatively, Sa LTA may
naturally signal through TLR4. Regardless, these results point to
links among TLR, IFN, and cytosolic signaling pathways. Indeed,
evidence for convergence of these pathways has been described.
All TLRs share a common adaptor protein, MyD88, which is
required for early and complete activation of NF-B兾mitogenactivated protein kinase (MAPK) signaling (1). MyD88 is not
absolutely required for signaling through all TLRs, and several
alternate adaptors have been identified that interact with specific
TLRs and transmit signals independently of MyD88. For example, the TRIF adaptor mediates MyD88-independent, TLR3mediated induction of IFN-␤ and IRGs by double-stranded
RNA, by means of IRF3 activation (32). TRIF also confers
MyD88-independent, TLR4-mediated induction of IFN-␤ and
IRG expression by LPS, also by means of IRF3 activation (33).
In contrast to TRIF, the TRAM adaptor mediates a MyD88independent pathway specific to TLR4 (34).
Using MyD88⫺/⫺ BMDM, we found MyD88-independent Ifnb
induction by WT Lm and by Bs⫹LLO, but not by vacuolerestricted bacteria (Fig. 3C). This result corroborates research
showing that Ifnb induction upon WT Lm infection is not
TLR4-dependent (5). We conclude that Ifnb induction by cytosolic Lm and Bs is a general response independent of TLR
signaling through MyD88, and may thus be triggered by an
alternate, cytosolic surveillance pathway. Furthermore, we in11390 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0403215101

Fig. 4. Intracytosolic Lm and Bs induce cytosol-specific genes. Abbreviations
are as in Fig. 1. Twenty-six genes representing the cytosol-specific pathway
were selected based on the following criteria: ⬎3-fold induction for WT Lm at
8 hpi, ⬍3-fold induction by Sa LTA at 4 and 8 hpi, and a ⬎3-fold difference
between 8 hpi WT Lm and 8 hpi LTA expression levels.

terpret the IRG induction by Sa LTA as evidence that both
pathways are active in BMDM and converge on common regulatory factors that induce Ifnb expression. It will be of major
interest to determine at what point(s) the cytosolic surveillance
pathway may intersect with TLR-mediated pathways leading to
IFN-␤ production; IRF3 is one likely candidate (25).
Cytosolic Lm and Bs Induce Cytosol-Specific Genes. Despite evidence

for convergence of TLR, IFN, and cytosolic signaling pathways in
IRG induction, we also observed a distinct, cytosol-specific induction of genes by WT Lm and Bs⫹LLO. Twenty-six genes were highly
induced at 8 hpi by WT Lm and Bs⫹LLO, but not by Sa LTA or
⌬hly⫹ (Fig. 4). These genes represent a diversity of transcription and
growth factors, mediators of cell–cell interaction, migration, nutrient acquisition, and vascularization, but the functional significance
and transcriptional regulation of this subset are unknown. Because
of its unusual expression pattern and inhibitory role in signal
transduction, Rgs2 is of special interest. Although WT Lm and
Bs⫹LLO significantly induce Rgs2, Sa LTA treatment and ⌬hly
overinfection both repress this gene (Fig. 4, LTA and hly⫹). Rgs2
encodes regulator of G protein signaling 2, which belongs to a class
of proteins that negatively regulate heterotrimeric G proteins by
increasing their GTPase activity. RGS2 specifically inhibits G␣qmediated signaling, and Rgs2⫺/⫺ mice have impaired anti-viral
immunity as a consequence of T cell hyporesponsiveness (35).
Whereas the identity of the G protein-coupled receptor(s)
(GPCRs) modulated by RGS2 upon Lm infection is unknown, we
note that some chemokine receptors are G␣q-coupled (36). Other
Gaq-associated GPCRs involved in inflammation include the angiotensin-2R, ␣-1-adrenergicR, vasopressin-1R, P2Y1R, G2AR,
and several eicosanoid receptors. Thus, a distinct cytosol-specific
program of gene expression, induced only by cytosolic bacteria, may
modulate the host inflammatory response. It will be interesting to
determine which signaling pathways are influenced by the expression of this class of genes, and to determine how these genes
function to regulate the innate response to cytosolic pathogens.
NOD-LRRs Are Candidate PRRs for Cytosolic Gram-Positives. Whereas
TLR-mediated pathogen surveillance at the cell surface is well
established, our data contribute to a body of evidence that this
is not the exclusive mode of microbe detection. TLR-mediated
pathways are, in principle, ill-suited to the prolonged surveillance of intracellular pathogens, such as Lm, that gain access to
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tially explaining the MyD88-independent induction of Ifnb by
cytosolic but not vacuole-bound bacteria. TLR and NOD-LRR
pathways share common signaling intermediates and transcriptional outputs and must thus converge at specific points in their
respective signaling cascades. For example, the receptorinteracting protein 2 (RIP2) kinase, identified as immediately
downstream of NOD1, is required for full signaling through
TLR2, ⫺3, and ⫺4 (41). Rip2⫺/⫺ mice are impaired in their
ability to defend against Lm infection (42).
In summary, we have identified both distinct and overlapping
TLR-, IFN- and cytosol-mediated transcriptional programs induced in primary macrophages upon infection with cytosolic and
vacuolar bacteria. Identification of genes induced by cytosolspecific signaling supports a growing body of evidence pointing
to the existence of a TLR-independent cytosolic surveillance
system. We also identified a subset of IRGs that could be
induced both by TLR and cytosolic signaling, further supporting
evidence of overlap between TLR, IFN, and cytosolic pathways.
It will be of great interest to determine whether cytosolic Lm
infection results directly in NOD-LRR-mediated signaling, and
at which point, if any, NOD-LRR pathways overlap with IFNassociated pathways. Although the significance of crosstalk
among the TLR, IFN, and NOD-LRR pathways in the innate
immune response is unclear, it will be important to elucidate the
collective roles these pathways play in the host response to
cytosolic pathogens.

the host cytoplasm and spread directly from cell to cell without
further engaging extracellular receptors. Whereas the mechanism of cytosolic signaling in response to Lm or Bs⫹LLO
infection is unknown, the NOD-LRRs are possible receptor
candidates. This family of putative PRRs includes ⬇25 members
that share homology with plant disease-resistance proteins,
several of which are cytosolic molecules inducing localized cell
death upon pathogen infection (4).
The role of specific mammalian NODs is unclear, but three
(Nod1, Nod2, and Nalp3) have been implicated in immunodeficiency or inflammatory disorders such as Crohn’s disease (4).
Both NOD1 and NOD2 are activated by specific peptidoglycan
derivatives, and NOD1 has been directly associated with NF-B
activation in response to the Gram-negative cytosolic pathogen
Shigella flexneri (37). Stimulation of NOD2 activates proinflammatory and costimulatory molecule induction by monocytes and
dendritic cells, suggesting a TLR-like role in linking innate and
adaptive immunity (38). Furthermore, synergism of NOD ligands with LPS indicates that NODs and TLRs may cooperate
in immune responses against bacteria (39).
Whether NOD-LRRs play a direct role in the immune response to cytosolic Lm is undetermined. The NOD2 ligand,
muramyl dipeptide (MDP) can potentially be generated from
Lm peptidoglycan upon cleavage by the Lm autolysins p60 and
NamA (40). It is unknown whether Lm MDP is a NOD2 ligand
and if so, whether it would be immunostimulatory or immunomodulatory. However, any NOD-LRR ligand in our system is not
specific to naturally intracellular pathogens because cytosolic Bs
efficiently induced cytosol-specific gene induction.
Although we are unaware of evidence for NOD-LRRs contributing to IRG expression, NOD-LRR-signaling pathways
could, like TLR pathways, intersect with IFN pathways, poten-

